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ABSTRACT
DESIGN A N D  C H AR A C TE R IZA TIO N  OF R E SO N A N T  
C A V IT Y  E N H A N C E D  SC H O TT K Y  PH O TO D IO D ES,
Vliitlii Gokkavas
M .S. in Electrical and Electronics Engineering 
Supervisor: Asst. Prof. Dr. Orhcin A 3AÜ1· 
September 1996
Recently, novel photodetectors which employ a multiple-pass detection scheme 
to increase the efficiency-bandwidth product have been developed. In this the­
sis. we present our work on .\iAs/GaAs resonant cavity enhanced (RCE) Schot- 
tky photodiodes w'ith an InGaAs absorber. Quantum efficiency enhancement 
is acconiplished by placing the InGaAs absorber inside a Fabry-Perot micro­
cavity whose mirrors are formed b}' the Au Schottky layer cind an rVlAs/GaAs 
quarter wave stcick (QWS) reflector. In the design and analysis of the struc­
tures, scattering (S) matrices are used. Reflectivity, transmissivity, quantum 
efficiency, and the loss in the Schottky metal are calculated, a.nd it is shown 
that, it is ¡possible to diminish the front-surface reflectivity using a Si:iN.| di­
electric coating to optimize the quantum efficiency. High speed and spectral 
efficiency/ measurements on fabricated photodiodes are also presented.
Ktyword.s : Resonant cavities, photodiodes, Schottky, scattering matrices 
(S matrices).
m
ÖZET
SESELIMLI O Y U K L A  GÜÇLENDİRİLM İŞ S C H O T T K Y  
F O T O D İY O T L A R IN  TASAR IM  VE  
NİTELENDİRİLM ELERİ
Mutlu Gökkavas
Elektrik ve Elektronik Mühendisliği Bölümü Yüksek Lisans 
Tez Yöneticisi: Yrd. Doç. Dr. Orhan Aytür 
Eylül 1996
Son zamanlarda, verim-band genişliği çarpımını yükseltmek için, çok geçişli 
bir duyum düzeninden yararlanan fotodetektörler geliştirilmiştir. Bu tezde, 
bir IııGaAs soğurucusu olan, AlAs/GaAs seselimli oyukla güçlendirilmiş 
Schottky fotodiyotlar üzerine çalışmamızı suıun^oruz. Kuvantum verimin­
deki artış, InGaAs soğurucuyu, aynalarını .Aıı Schottky metal katmanı ve 
AlAs/GaAs çeyrek dalga dizisi (ÇDD) yansıtıcısının oluşturduğu bir Fabry- 
Perot mikrooyuğun içine yerleştirerek sağlanmıştır. Yapıların tasarım ve anal­
izinde dağılmış parametreli matrisler (S matrisleri) kullanılmıştır. Yansıma, ak­
tarma, kuvantum verimi, ve Schottky metalindeki kayıp hesaplanmış, ve kuvan­
tum verimini artırmak için Sİ3N4 dielektrik kaplama kulhınarak ön yüzeyden 
yansımayı yok etmenin mümkün olduğu gösterilmiştir, üretilen fotodiyotlar 
üzerinde yapılan yüksek hız ve tayf verim ölçümleri de sunulmuştur.
Anahtar Kelimeler : Seselimli oyuklar, fotodiyotlar, Schottky, dağılmış
parametreli matrisler fS matrisleri).
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Chapter 1
INTRODUCTION
There has been a fast progress in optical communication, processing and mea­
surement systems in the last decades in parallel to the development of high 
bandwidth sources, detectors and transmission media. The optical fiber has 
proven to be an ideal transmission medium with transmission capabilities that 
are theoretically four orders of magnitude higher than microwave communica­
tion systems [1]. To exploit the maximum of this potential, light sources and 
detectors with very high bandwidths are necessary. Semiconductor sources 
and detectors, with their fast electrical response and appropriate optical prop­
erties. have become the dominant devices. Diode lasers were the first semi­
conductor devices to einplo}^ a Fabry-Perot rnicrocavity to enhance emission 
properties. Recently, a photodetector structure with similar enhancement of 
detection properties at resonant wavelengths has been developed [2].
The desired properties for photodetectors in contemporary optical telecom­
munication technologies are high efficiency along with short response times. 
The efficiency of a photodetector is stated in terms of its c[uantum efficiency, 
i.e. the ratio of detected photons to incident photons. Since the absorption 
takes place as the optical field propagates along the absorbing layer, the quan­
tum efficiency of a conventional photodetector increases by increasing the ab­
sorbing layer thickness. The speed of ultrafast detectors, on the other hand, is 
generally limited by the time that is required for the pliotogenerated carriers
to traverse the absorbing la\^ er. Hence, the speed of the device increases by 
decreasing the absorbing layer thickness. This trade-off between speed and effi­
ciency leads to the evaluation of the performance of a photodiode in terms of the 
gain-bcindwidth product. By phicing an absorbing layer inside a Fabry-Perot 
microcavity, the ciucintum efficiency of a photodetector can be enhanced at 
the resoricint wavelengths without effecting the speed of the device [2]. The 
resonant cavity enhcuiced (RCE) detection scheme has been used in different 
device structures such as Schottky [-3], [4] and metal semiconductor metal
(MSM) [5] photodiodes and heterojunction phototransistors (HPT) [6].
The photodetector structures preferred for high speed applications are 
Schottky and p-i-n photodiodes [7]. Schottky photodiode consists of a 
semiconductor-metal junction offering high frequency performcince for a va­
riety of material combinations. The speed and efficiency of a photodetector 
is determined by the optical and electronic properties of the materials used. 
Direct bandgap semiconductors are efficient photon absorbers. For high speed 
cipplications, direct bandgap materials that have high carrier mobilities are 
preferred. GaAs, satisfying both the direct bandgap and high carrier mobility 
requirements, is widely used in high speed applications. GaAs Schottky photo­
diodes with a 3dB bandwidth exceeding 230 GHz have been demonstrated[8]. 
The bandgap of the semiconductor also determines the operation wavelength 
of the photodetector. A semiconductor can not absorb photons with energies 
less than the bandgap energy. The bandgap energy of GaAs is 1.42 eV, hence 
GaAs is .sensitive to wavelengths shorter than 880 nm [7]. For longer wa,ve- 
length high speed applications, InGaAs, whose bandgap energy ma.y be as low 
as 0.36 eV [7] depending on the In concentration, is the preferred semiconduc­
tor.
In this thesis, we present our work on the characterization and design of 
GaAs/AlAs RCE Schottky photodiodes with a thin InGaAs absorbing layer. 
The optical field can be coupled to the microcavity either through the semi­
transparent Schottky metal (top illumination), or through the GaAs substrate 
(l)ottom illumination). Devices for both cases are designed by maximizing the 
absorption of the optical field in the InGaAs absorbing layer. The analysis 
of the optical held distribution within the resonant cavity is done by using a 
scattering matrix (S-matrix) method [9,10]. The loss in the Schottky metal and
the field distril:>ution in the cavity are calculated exactly and the dependence 
of quantum efhciency on various device parameters is investigated.
In Chapter 2, the operation principles of Schottky photodiodes are reviewed 
and the basic limitations on the speed and efficiency of the devices are ex­
plained. The S-matrix method used to analyze optical properties is outlined 
in Chapter 3. In Chapter 4, the steps followed to design the photodiodes are 
explained. In Chapter 5, the measurements on various fabricated diodes are 
presented and compared with simulations. (Jonclusions and discussions are 
presented in Chapter 6.
Chapter 2
Schottky Photodiodes
High-speed photodetectors are very important components in realizing the 
maximum potential of high-bandwidth optical systems. Photodetectors with 
shorter response times improve the information transmission capacity of opti­
cal communication systems by increasing the overall system bandwidth. Faster 
photodetectors also provide higher temporal resolution in the measurement of 
short optical pulses. Another important measure in evaluating the performance 
of a photodetector is its responsivity (current per optical power). For a pho­
todetector to be useful, it has to have a high responsivity at the wavelength 
band of interest.
Photons absorbed by a semiconductor generate mobile charge carriers (an 
electron-hole pair per absorbed photon). Semiconductor based photodetec­
tors are designed either as photoconductive devices or photodiodes. Photo- 
conductive devices operate by sensing the increase in the conductivity of the 
material, which is a result of the photogenerated charge carriers. Photodi­
odes. on the other hand, operate by transporting the photogenerated carriers 
rapidly through the diode junction, by means of the strong electric field that 
is supported in the junction depletion layer (the space-charge region at the 
junction, where the carrier densities are depressed). Photodiodes are classified 
in terms of the junction types forming the diode (p-n, p-i-n, Schottky [7]). .A 
p-n photodiode is a p-n junction whose reverse current increases when carriers
are Photogeaerated. A p-i-n photodiode is a p-n junction, with tin intrinsic 
(i) layer between the p and layers. The absorption of photons close to, l)ut 
outside of the depletion layer causes a slow diffusion of photogenerated carriers 
into the depletion layer. This effect decreases the speed of the device. One of 
the junction layers may be replaced with a metallic layer to increase the speed 
of the device, by minimizing the diffusion effect. The resulting device is called 
a Schottky photodiode and is shown in Figure 2.1.
In this chcvpter, the operation principles of Schottky photodiodes are re­
viewed. First, the limitations on the temporal respon.se of Schottky photodi­
odes are presented. The responsivity aspects of the diodes are later discussed. 
The design of an anti-reflection coating to increase the responsivity is explained. 
In the last section of the chapter, the processes necessary to fabricate a Schot­
tky photodiode are discussed.
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Figure 2.1: Energy-band diagram of the Schottky diode.
2.1 Schottky Junction as a Photodetector
Schottky photodiodes are formed from metal-serniconductor junctions. When 
the metal and the semiconductor blocks are joined, charges transfer through 
the junction until thermal equilibrium is reached. In thermal equilibrium, the 
Fermi levels of the two materials become equal. The energy-band diagram of 
a junction formed by a metallic layer on an n-type semiconductor is shown in 
Figure 2.1, where, the energy level of the bottom of the semiconductor conduc­
tion iDand is denoted by Ec·, and the top of the semiconductor valence bcind is 
denoted l.)y E .^ The difference between these two levels is tlu^  semiconductor 
bandgap energy E., =  Ec — Ey. The common Fermi level of the materials is 
denoted li\· Ej. The energy difference between the vacuum level and Ec is the 
electron affinity, denoted by y. The energy difference between the vacuum level 
and the Fermi level is the metal work function, denoted by IT. The injection of 
electrons from the metal into the semiconductor conduction band is prevented 
by the potential barrier IT —y. This barrier causes a depletion region of width 
cl with a total voltage drop of Vq across this region to be formed. The device 
shown in Figure 2.1 is called a Schottky barrier diode and acts as a voltage 
rectifier just like a p-n junction.
The Schottky diode shown in Figure 2.1 can be used as a photodetector 
when reverse biased. Figure 2.2 shows the device of Figure 2.1 in this mode 
of operation. In the figure, d is the depletion Uwer, where the mobile carrier 
densities are degraded as a result of charge transfer at the junction. The 
velocities of electrons and holes are denoted respectively by rv; and u/i- The N~ 
layer is an n.-type semiconductor, which may be totally depleted when the diode 
is reverse biased. The layer is also an ?r-type semiconductor, with a higher 
doping concentration. Typical doping concentrations are N~ ~  10 '^ cm “  ^ and 
,Y+ ^  10^ ·'^  cm~^. The layer serves to contact the cathode of the .Schottky 
diode {N~ layer) to the e.xternal circuit. This type of contact is called an ohmic 
(bilaterally resistive) contact, which prevents the formation of another Schottky 
junction at the cathode of the device. Applying negative bias (negati\'e voltage 
at the metal end) widens the depletion width d and in this way, all the N~ 
region can be depleted. The reverse bias also enhances the electric field E in 
the depletion region. When photons with photon energy hu greater lhan the
-e —  X  — --------d-x
bariclgap energy of the material are absorbed in the semiconductor, electron- 
hole pairs are generated. The portion of these carriers, that are generated in the 
depletion region, are swept away by the electric field inducing a photocurrent
ip in the external circuit.
2.1.1 Response Time
When a photon is absorbed at an arbitrary position x in the depletion region, 
it creates an electron-hole pair as shown in Figure 2.2. The hole moves towards 
the Schottky metal (towards the left in the figure) with a velocity Vh and the 
electron moves away from the metal with velocity Ue· A carrier of charge Q 
that moves with velocity v{t) in the semiconductor induces an external current 
given by [7]
Qi{t} = ( 2 . 1 )
(Q, v) being (—e, We) fo>·' electrons and (e, y/J for holes, respectively. The 
essence of Equation 2.1 is that as long as a carrier is moving in the semicon­
ductor {v{t) 0), it contributes to the current in the external circuit. Since the
carriers generated at position x have to travel the distances x and d — x in the 
semiconductor, and this requires time intervals th = xjvh and t. =  (d — .r)/iy,
the current measured in the external circuit is not instantaneous. The to­
tal charge induced in the external circuit due to the absorption of a single 
photon can be found by integrating the hole and electron currents given by 
Ec(uation 2.1 to line!
vii X Vp d — X
r/ =  e— — + e-
d Vh d
=  e. (2 .2 )
as expected. The response time of the device to a single photon is thus limited 
by the transit times and th of the carriers, the ultimate limit being the 
carrier that arrives later at the device terminals depending on the position 
X (an electron arrives at the Schottky metal, whereas a hole arrives at the 
j'Y+-yY- interface). The optical excitation usually has more than one photon 
and this results in photogeneration of carriers throughout the depletion region 
rather than at a single position x. The simplest case occurs assuming unifoi'm 
photogeneration along the depletion region. Figure 2.3 shows the hole, electron 
and total current due to a uniformly photogenerated total charge of Q [7]. 
Since the velocity of the holes is lower than the velocity of electrons, the latest 
arriving carrier is a hole generated at the N'^-N~ interface traversing the whole 
depletion region. The response time is equal to d/u/i.
From the above discussion, it is clear that the response time of the device 
increases with increasing depletion layer width. This is an important limitation, 
called the transit-time limit, which plays an important role in determining 
the speed of semiconductor devices, including Schottky photodiodes. When 
the detector material has a high absorption coefficient, most of the carriers 
are generated close to the Schottky metal. A similar situation occurs wdaen 
absorption occurs only in a thin absorbing layer, that is placed close to the
Qvj^ /d
Figure 2.3: Photocurrent pulse shape for uniform absorption along the deple­
tion laver.
Schottky metal. The structure of the resonant cavity enhanced photocletectors 
(to be discussed later in Chapter 4) is such that, the absorption occurs in a 
thin absorbing layer, which is placed inside a thicker depletion region. The 
absorbing layer is placed close to the Schottky metal and the distance to the 
A'·*· layer is much longer. Hence, it is safe to assume that absorption occurs 
close to the metal surface. Under these conditions, the holes have to travel a 
shorter distance and the electrons are the limiting carriers. When the holes 
quickly reach the metal, their transport does not contribute to the current, 
and the electrons arr; the only carriers remaining to induce current. .All the 
electrons rea.ch the A" *· layer approximately at the same time, therefore we Ccui 
expect a rectangular current pulse [llj as given by
w  =
/0  0 < t < te
0 L < t
(2.3)
where Iq is the magnitude of the induced current. In frequency domain,
r i \ ·Ip[uj) =  smc
The 3-dB roll-off frequency is given by
(2.4)
ft
3—dB =  0.442 1 - (2.5)
The induced photocurrent is measured on a load resistor (as shown in 
Figure 2.4). The capacitor Cj. is the diode depletion layer capacitance and is
given by
a
(2.6)
where c and A are the permittivity of the material and the area of the diode, 
respectively. The RC circuit shown in Figure 2.4 also limits the transient 
response of the diode, where the 3-dB roll-off frequency is given by
dr'3—dB __Jrc — 'IttRis A (2.7)
It is seen from Equations 2.5 and 2.7 that there is a trade-off between the effects 
of the two poles. The transit-time limited bandwidth is inversely proportional 
to the depletion layer width d whereas the RC time-constant limited bandwidth 
is directly proportional to it. To overcome this limitation, the area of the diode
can be decreased. However, diodes with areas smaller than 10/an'- are not 
leasible, because focusing of the optical beam becomes difficult and the series 
resistance ol the diode increases with decreasing area.
Another limitation to the temporal response of the diode is the diffusion 
of carriers that are generated in undepleted regions into the depletion region. 
The diffusion time of such carriers also effects the overall response. In a top- 
illuminated resonant cavity photodiode (to lx; discussed in Chapter 4), typically 
less than 10% of the light incident on the .Scliottky metal is rrausrnitted into 
undepleted regions. When the optical beam is well focused onto the diode area, 
the diffusion effect mгıy be neglected.
2.1.2 Efficiency
Another figure of merit for photodiodes is the quantum efficiency. In general, 
all photons incident on the photodiode do not create electron-hole pairs. The 
quantum efficiency ?/ is defined as the probability that a single photon inci­
dent on the photodiode will induce current in the external circuit. Quantum 
efficiency depends both on the optical and electronic properties of the semi­
conductor material and the physical structure of the device. Depending on 
materials, wavelength, and physical structure, only a portion of the incident 
optical power is absorbed in the depletion region, whereas the remaining por­
tion is reflected, transmitted, or absorbed in lossy regions such as the .Schottky
10
metal. The quantum efficiency is experimentally measured by the ratio of 
the absorbed optical power contributing to photocurrent to the incident op­
tical power. Since the number of detected electrons is ecpuil to the number 
of absorbed photons (neglecting recombination), quantum efficiency may also 
expressed as [7]
of detected electrons /p/e
7/ = (2.8)#  of incident photons Pin/hu
where Pin is the incident optical power, h is Planck’s constant, 2/ is the fre­
quency of the incident light. Ip is the measured photocurrenr,. and e is the 
electronic charge. Another expression for quantum efficiency is
V = (I -  R)(l - (2.9)
where R is the surface reflectivity and a is the i^ ovver absorption coefficient of 
the detector material. In the equation, the first term represents the power that 
penetrates through the front surface of the photodiode. The second term rep­
resents the portion of the power that is absorbed along a layer of width d. From 
Equation 2.9, it is observed that, to increase rj either R should be decreased 
or d should be increased. The front surface reflectivity can be minimized us­
ing a dielectric coating as will be discussed in the next section, however, as 
was discussed in previous section, d can not be increased without increasing 
tlie transit-time. Another readily measurable figure is the responsivity 'R, the 
ratio of external photocurrent to incident optical power, expressed as
n  =  P  =  ^ .
Pin h u
(2 .1 0)
2.1.3 Anti-Reflection Coating Design
To increase the quantum efficiency of the photodiode, an anti-reflection coat­
ing rnciy be used on top of the Schottky metcil. The quantum efficiency for 
the coated photodiode can be calculated using a transmission line analogy em­
ploying Scattering matrices. This method will be discussed in greater detail in 
Chapter 3. The calculated quantum efficiency for a GaAs Schottky photodi­
ode having a depletion region width 0.3 ¡.tm. with Si.-jN.i dielectric coatings of 
different thicknesses is shown in Figure 2.5. From the figure, it is seen that by
11
Figure 2.5: Quantum efficiency improvement using dielectric coating. The 
curves are for uncoated, 1900 A dielectric coated, and 2500 A dielectric coated 
diodes.
depositing dielectric coatings of different thicknesses, it is possible to shift the 
wavelength corresponding to peak quantum efficiency.
2.2 Fabrication Process
The properties and limitations of photodetectors also depend on the meth­
ods used to fabricate them. During the fabrication, the desired patterns are 
transferred onto the semiconductor surface using a mask (a plate with a ge­
ometrical pattern recorded on it) for each step. This is accomplished by a 
series of processes. The pattern on the mask is first transferred onto a pho­
toresist layer (a layer that is sensitive to ultraviolet light e.xposure) covering 
the semiconductor surface. Then, the patterns on the photoresist are copied 
onto the semiconductor surface by means of various methods such as etching 
and deposition. Figure 2.6 shows the photomicrograph ol labricated devices. 
The diode shown in the first photomicrograph is a device with an absorbing
12
area of 7 /im xl4/irn. These devices are designed for transit-time limited high 
speed measurements. The device shown in the second photomicrograph has a.n 
area of 120/an xlOO/aa. The devices with larger areas are used for spectral 
elhciency measurements.
The resonant-cavity wafers that we have designed (to be discussed in Chap­
ter 4), were grown at Iowa State University and the photodetectors were fab­
ricated in the Physics Department at Bilkent University. In this section, a 
l)rief discussion of tlic; fabrication process and the methods that are employed 
is given.
2.2.1 Preparation
The mask used in the fabrication process is 0.5 cm x 0.5 cm. The wafer was 
cut to O.ScmxO.Scm samples. Mechanical and/or chemical cleaning methods 
such as brushing, boiling in chemicals, leaving in flowing de-ionized (DI) water, 
drying under Nitrogen gas flow and dehydration baking were employed before 
various process steps.
2.2.2 Photolithography
Photolithography is the proce,ss of patterning an ultraviolet light sensitive pho­
toresist material to be able to transfer desired geometric shapes onto the sam­
ple. First, the photoresist is poured onto the wafer and spun at 4000 rpm to 
achieve a uniform coating. The sample is baked dry and it is turned into a 
photographic plate. Then, the wafer is exposed to ultraviolet light through the 
mask plate that contains the desired pattern. Finally, the resist is developed 
and after an inspection of the success of the process, the samples are taken to 
the etching process.
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Figure 2.6: Photomicrograph of fabricated diodes, (a) Device with an area of 
7 /im x Id^ari. (b) Device with an area of 120/.imx 100/mi.
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2.2.3 Etching
The patterns defined by photolithography are transferred onto the semicon­
ductor l)y means of etching. Etching is removal of the regions that are not 
protected by the photoresist pattern. Wet etching is a method that employs 
chemicals. The disadvantage of wet etching is that it is isotropic, i.e. it etches 
in all directions removing some material under the photoresist. Etching steps 
that are not much sensitive to isotropy such as mesa isolation and ohmic metal 
deposition were done by wet etching. In contrast, to etch patterns that require 
strictly vertical etching such as airbridge posts, reactive ion etching (RIE) was 
used. In this method, die wafer is etched with ion bombardment. Since the 
ions are accelerated in vertical direction, a vertical etching is achieved.
2.2.4 Deposition
Plasma enhanced chemical vapour deposition (PECVD) is the method that 
is used to deposite dielectric coatings (Si3 N4 ) on the wafer. This is accom­
plished in a low pressure, high temperature chamber. The Schottky (Au) and 
ohmic contact metals as well as interconnect metals are deposited by thermal 
evaporation.
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Chapter 3
Theory of Optical Multilayer 
Films
A large variety of multilayer optical films are used in contemporary optical 
technology. These films find usage either in integrated devices such as verti­
cal cavity surface emitting lasers (VCSEL), resonant cavity enhanced (RCE) 
photodetectors, tunable micromachined Fabry-Perot filters [12] or in lumped 
elements such as dielectric mirrors. Also, the analysis of many optoelectronic 
components such as p-i-n, Schottky, and metal-semiconductor-metal (M.SM) 
photodetectors, heterojunction phototransistors (HPT) may be done by con­
sidering these devices to be composed of layers, and then using the tools to 
analyze multilayer films. A stack is a multilayer composed of materials that 
have different refractive indices. In a stack, there cire dielectric interfaces be­
tween material layers. These interfaces cause a series of multiple reflections 
of the incident held along the stack. Layers that have loss are modeled with 
a comple.x refractive index. In the design of an optical multila3fer stack, it is 
desirable to be able to calculate the reflection and transmission of the optical 
power at any boundary as well as the absorption in various lossy layers. In the 
literature, diflerent methods including transmission cind transfer matrices [13], 
impedance transformation [14], and self consistent consideration of the opti­
cal held [14] are employed to analyze multilayer stacks. Another systematic
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metliod to analyze multilayer structures is the S-matrix (scattering-mcitrix) 
approach [15]. Whereas the above mentioned methods have limitations in cal- 
crdating the losses or the exact distribution of the held within the cavity, the 
S-matrix approach is unique in its power to evaluate the exact held distril^ution 
in pcissive structures.
3.1 Review of Scattering Matrices
In the S-nicitri.x approach, a transmission line analogy that considers each ma­
terial layer in the stack as a two port transmission line with a normalized 
characteristic impedance Z =  1/n is used. Here n is the refractive index of the 
medium. As it is common in transmission line theory, traveling waves are used 
to characterize the optical two ports. The S parameters give the waves leaving 
the two port in terms of the waves entering the two port [9, 10].
In Figure .3.1, Efi denotes the forward traveling wave incident at port 1 
and El,2 denotes the backward traveling wave incident at port 2. Ei,i and E j2 
are the l)ackward traveling wave leaving port 1 and the forward traveling wave 
leaving port 2, respectively. Since the wave equation is linear, superposition of 
the wave equations at the ports yields
Ej2
El, I
¿12 Г21
ri2 ¿21
Ejx
Еь2
(3.1)
where /,·, and rij are the respectively transmission and reflection coefficients for 
the electromagnetic wave traveling from port i to port j .  The (2x2) matrix 
on the right side of Equation 3.1 is known as the scattering-matrix for the two 
port in Figure 3.1.
The rules for cascading scattering matrices are derived using Figure 3.2. In 
Figure 3.2(a), two-ports A and B are cascaded to form the two-port C. The 
signal flow-graph in Figure 3.2(b) represents the S parameters for the two-ports 
A and B. the nodes symbolize the traveling waves at input or output ports, 
where any wave component can be written as the sum of the incoming arrows 
to the node representing that wave component.
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Port 1 Port2
Figure 3.1: Traveling waves entering and leaving a two-port.
Examination of the signal flow-graph in Figure 3.2(b) yields four equations for 
the traveling waves at the corresponding ports in terms of the input variables 
Efi and Ehs. These are
Ef2 =  t\2Efi-\-r2lEb2 (3.2)
Eb2 = r2sEf2 -f ¿32^ 63 (3.3)
Eb\ = r\2Efi +  t2\Eb2 (3.4)
Ej3 — ¿2 3F//2 +  1'32Eb3· (3.5)
The Equations 3.2 and 3.3 are coupled wave equations and have to be solved 
simultaneousljc Solving for E f2 and Ei,2 we get,
Ej2
Eb2
t\2Efl -b l'2li32Elj3 
1 — /‘23 ■'"21
¿32 Eb3 +  •'"23^12^/1 
i — '/’23''’21
(3.6)
(3.7)
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(a)
Port 1 Port 2 Ports
^ f2  ^
Two Two
Port Port
A B
^ b 3
Two Port C
(b) <'12
Figure .'j.’i; (a) Schematic showing the cascaded two-port, (b) Signal how-graph 
for the cascaded two-port.
Substituting these into Ecpiations 3.4 and 3.5 yields
IP ¿23^ 12 r  , f  , ’ 'iih-ihi , pEfs — --------------Efi -f I r32 -b ------------- I Eh2
i -  r-23r21 1 -  r^sr-n
JP f  , '23^ 12^ 21  ^ jp , ¿2lFi2 ^
Ehi =  ’/’ 12 +  -^------------------ E f i  +  --------------------Eb3.
\ 1 — r23'/’21 / 1 ~ /'23/’21
Equations 3.8 and 3.9 are combined in matrix form,
Ej3 ¿ 1 3 /’ 3 1 'Efi ■
. . . ' 3 3 ¿31 . Eb3 _
(3.8)
(3.9)
(3.10)
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T h e  ( 2 x 2 ) m a tr ix  on th e  rig h t side of E q u a tio n  3.10 is th e  S -m a tr ix  lor th e  
cascaded  tw o-po rt in F ig u re  3 .2 (a) and
T.3 —
Í . 3 1  —
t\2Í23
’>"31 — 1'32 +
''Зз — ''32 -г
1 -  Г23Г21
t21^ 31 
1  —  ' ’ 2 3 ' ’ 2 1
' ’21^23^32
1  — Г2 3Г21 
12^21
1  -  r23'’21
a re  th e  e lem en ts  of th e  S -m a trix  for th e  tw o-po rt C in F ig u re  3 .2 (a).
(3.11)
(3.12)
(3.13)
(3.14)
3.2 S-Matrix Analysis of Optical Multilayer 
Films
In  th is  sec tion , ca lcu la tio n  of ab so rp tio n , reflection  an d  tra n sm iss io n  of lig h t 
u sing  S -m atrices  is d escribed . In th e  following analysis , th e  lig h t is assu m ed  
to  be consisting  of p lan e  h a rm o n ic  waves, expressed  by
E =  . (3.15)
U nder n o rm al inc idence  cond itions, th e  p ro b lem  of d e te rm in in g  th e  o p ­
tic a l held  d is tr ib u tio n  in  th e  s tru c tu re  sim plifies to  d e te rm in in g  th e  forw ard  
a n d  backw ard  trav e lin g  w ave am p litu d es  in each  layer. T h e  g e o m e try  of th e  
sim plified  p ro b lem  is show n in F igure  3.3.
In th e  figure, th e  b o u n d a rie s  lie a t 2: =  i =  1 ,2 ,. . .  a n d  th e y  cover th e  
e n tire  x-y p lane. T h e  forw ard  (inc iden t) E-field p ro p ag a tes  in th e  +z  d ire c tio n  
a n d  th e  backw ard  (reflected ) E-field p ro p ag a tes  in th e  —2- d ire c tio n . As is also 
seen  from  F ig u re  3.3, th e  sim plified  one d im ensiona l p ro b lem  is to  find all field 
p h aso rs  Eji,Ei>i, i =  1 , 2 , . . .
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^bl
= Z iz=
Ebi
=Z iz=
‘k+1
^ i k + 1 )
^b(k+l)
Z—Zi,
F igu re  .3.3: (.l('ornetry of th e  1 -D p ro b lem  in a m u ltilay e r of iilm,s.
To be ab le  to  rep resen t o p tica l layers using  S -m atrices, s im p le  b u ild in g  
blocks a re  used . T h e  S -m atrices  for th ese  blocks a re  th e n  cascaded  to  o b ta in  th e  
S -m atri.x  rep re .sen tation  of la rge r s tacks. T h e  sim p lest case is a  lay er th a t  does 
n o t co n ta in  an  in terface . In F ig u re  3 .4 (a ), th is  ty p e  of a  layer is show n. T h e  
m e d iu m  has a  comple.K re frac tiv e  inde.x n =  ur +  ini to  accoun t for a b s o rp tio n  
losses. T h e  forw ard  an d  b ack w ard  p ro p a g a tin g  field phasors u n d erg o  a  p h a se  
sh ift due  to  th e  leng th  d of th e  m ed iu m . H ow ever, since th e re  is no p h y sica l 
in te rface , no reflection  occurs. In th e  case of a  com plex re frac tiv e  inde.x, th e  
m a g n itu d e s  of th e  field phaso rs  are  also m odified  co rrespond ing  to  a  lossy 
m e d iu m . T h e  forw ard  a n d  backw ard  p ro p a g a tin g  fields can be w r itte n  as
(3.16)
w h ere  k =  'ItturIX and  a =  iTrnifX are  called  th e  p ro p ag a tio n  an d  a t te n iu i tio n  
c o n s ta n ts  re spec tive ly  a n d  A is th e  free-space w avelength  of th e  in c id e n t lig h t. 
T h e  (2 x 2 ) m a tr ix  on th e  rig h t side of E q u a tio n  3.16 is th e  S -m atri.x  for th e  
layer in F igu re  3 .4(a).
In th e  case of a  physical in te rface  ei,t z =  Zq betw een two sem i-in fin ite  m e d ia  
w ith  re frac tiv e  indices ui an d  as show n in  F igu re  3 .4 (b), th e  re flec ted  a n d  
tr a n s m it te d  fields m ay  be w ritte n  in S-m atri.x  n o ta tio n  as
Ej[Z =  d+ ) i^kd-fd 0 ' Ej{Z = 0- ) '
_ Ei{Z = 0-) _ 0 gikd-fd _ Ek(Z =  d+) _
EAZ =  Z i )
a , ( z  =  z„-)
i\2 '^ '21
’^12 ¿21
E ,(Z  =  Z i )  
EAZ  =  Z i )
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n n n "2
z=0 z=d z=2o
F ig u re  0 .4 ; Bci.sic Iciyers used in c a lc u la tin g  S m a trice s  : (a) S im ple  layer, (b) 
In terface .
w here
¿12 —
¿21 —
7’12 —
T21 =
2 n i
ni +  712 
2ri2
Ui +  712
721 -  722
721 +  722
722 — 72i
(3.18)
(3.19)
(3.20)
(3.21)
72l +  722
are  F resn e l’s reflection and  tra n sm iss io n  coefficients for n o rm al in c id en ce  [7], 
an d  th e  (2 x 2 ) m a trix  on th e  righ t side of E q u a tio n  3.17 is th e  S -nicitrix  for 
th e  in te rface  in F igu re  3 .4 (b ). U sing th e  tw o S -m atrices  in E q u a tio n s  3.16 an d  
3.17 an d  th e  rules for cascad ing  S -m atrices , th e  S -m a trix  re p re se n ta tio n  of any  
passive  o p tica l m u ltilay er s tack  m ay  be ca lcu h ited .
T h e  o p tica l pow er asso c ia ted  by a  p la n e  wave expres.sed as in  E cp iation  3.15 
is g iven by
(3.22)
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^  =  F i r l^ o
2rjo
w here n is th e  re frac tive  index  of th e  m e d iu m  an d  r/o — 377 fi is th e  vacu u m  
c h a ra c te r is t ic  im p ed an ce  for e le c tro m a g n e tic  waves. T h e  o p tic a l re fle c tiv ity  
cincl tra n sm iss iv ity  of o p tica l tw o -p o rts  for an y  p o rt are  defined as th e  ra tio  of 
th e  reflec ted  an d  tra n s m itte d  pow ers to  th e  in c id en t pow er w hen no pow er is 
in c id en t from  th e  o th e r p o rt. U sing E q u a tio n  3.22. th e  pow er re fle c tiv ity  an d  
tra n sm iss iv ity  for th e  tw o-po rt in F ig u re  3.5 are
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Port 1 Port 2
.. ^  T P
1 1^ 2 * 1
F igu re  3.5: R efleciion  and  tran sm issio n  of pow er from  a tw o -p o rt.
R -  =  b’-r·^J-Iij — 1 / IJ 1 (¿,i) = (l,2),(2,l) (3.23)
To = Tii (tj) = (l,2),(2,l)
(3.2.4)
w here  i?,·,· and  2}j a re  respec tive ly  th e  pow er reflec tiv ity  an d  tra n sm is s iv ity  for 
pow er in c id en t on p o r t f, an d  r'ij an d  i,y are  th e  p a ra m e te rs  of th e  S -m a tr ix  for 
th e  tw o-po rt in F ig u re  3.5.
3.2.1 Calculation of Absorption
In genera l, th e  to ta l ab so rp tio n  in a  m u ltilay e r s tack  is
/!(% ) =  100 -  B.{%) -  T{%). (3.25)
H ow ever, in m ost of th e  cases, a b so rp tio n  occurs in m o re  th a n  one layer an d  
one needs to  d isc rim in a te  betw een  a b so rp tio n  in d ifferen t layers. To fo rm u la te  
th e  ab so rp tio n , th e  s tack  show n in F ig u re  3.6 is irsed.
To ca lcu la te  th e  ab so rp tio n  betw een  p o rts  2 an d  3, th e  s ignal flow -graph  in  
F ig u re  3.7 is used. Since no pow er is in c id en t on p o rt 4, Ei,4 =  0, a n d  using  
E q u a tio n s  3.6 and  3.7 th e  forw ard  an d  backw ard  trav e lin g  w aves a t  p o rts  2
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Po(11 Por;t 2 Pprt 3 Pprt 4
Pin
n- n .
absorptive
laye r
n- n.
F ig u re  3.6: A bsorp tive  layer in a stack .
a n d  3 a re  found to  be
Ef  ^ =
tgEfi 
1 -  ruVi
i -  2,:3
E l)i — i — 2,.3.
T h e  pow er ab so rb ed  be tw een  p o rt 2 an d  p o rt 3 is
PA =  iP2f +  P 3 b ) - i P 2 b  +  P3f).
(3.26)
(3.27)
(3.28)
w here Pij and  Pu, a re  th e  pow ers assoc ia ted  w ith  th e  forw ard  a n d  back w ard  
trav e lin g  waves a t p o r t i. T h e  first te rm  in Eciuation 3.28 co rre sp o n d s  to  th e
F ig u re  3.7: S ignal flow -graph to ca lcu la te  ab so rp tio n .
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pow er en te r in g  th e  a b so rp tiv e  layer and  th e  second te rm  gives th e  pow er leav ing  
th e  layer. U sing E q u a tio n s  3 .2 2 , 3.26, and  3.27 it is found th a t
P a  =  P . '"’- I /  Iin  1 ---- p l 2 |
| 1
1 — lr-241 'n.3|^ 12 i — |r:34|·
------------ « 1 3  J-.-------------------------T
■l’24/’2 i r  | i - r 2 4 r 2 l |
(3 .29)
w here Pin is th e  pow er in c id en t on p o rt 1 , tij an d  rq· a re  th e  tra n sm iss io n  
an d  reflection  coefficients for th e  e lec tro m ag n e tic  wave in c id en t on p o r t i in 
th e  S -rn a trix  betw een  p o rts  i an d  j .  T h e  h rst te rm  in th e  p a re n th e s is  above 
co rresp o n d s  to  th e  pow er tra n s m itte d  from  p o rt 1 to  p o rt 2  a n d  th e  second  
te rm  co rresponds to  th e  pow er tra n s m itte d  from  p o rt 1 to  p o rt 3. To c a lc u la te  
th e  a b so rp tio n  w hen th e  pow er is inc iden t on p o rt 4, th e  ind ices 1 an d  4 sh o u ld  
be in te rch an g ed  and  th e  ind ices 2  an d  3 shou ld  be in te rch an g ed  in th e  above 
e q u a tio n . In cases w hen th e re  is pow er in c id en t on b o th  p o rts  1  a n d  4, th e  
p rin c ip le  of su p e rp o s itio n  m ay  be used.
3.2.2 Determination of the Field Distribution
Since th e re  a re  b o th  fo rw ard  an d  backw ard  trav e lin g  waves in a  m u ltila y e r  
s ta c k , th e re  is a  s ta n d in g  wave p a t te rn  due to  th e  d e s tru c tiv e  a n d  c o n s tru c tiv e  
in te rfe ren ce  of th e  o p p o site  p ro p ag a tin g  waves. In som e cases it is d e s ira b le  
to  c a lc u la te  th is  field d is tr ib u tio n . As it will be seen in C h a p te r  4. e x a c t 
know ledge of th e  field d is tr ib u tio n  w ith in  a reso n an t cav ity  p h o to d e te c to r  is 
e ssen tia l. To c a lcu la te  th e  field d is tr ib u tio n , E q u a tio n s  3.26 an d  3.27 m a y  be 
used . T h e  E-field a t an  a rb itra ry  position  2  in th e  s tack  can  be w r it te n  as
£ (--) =  ( l + i - . z ) :
t:Oz
- E /0
1 -  r,zr,o
w here  th e  p o in ts  .2 =  0 an d  2  =  Z are  th e  two ends of th e  s tack .
(3 .30)
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3.3 Simulations on Published Data
In  th is  sec tion , th e  S -rn a trix  m e th o d  d iscussed  in th e  p rev ious sec tions  is used  
to  s im u la te  pub lish ed  e x p e rim e n ta l resu lts  on reso n an t cav ity -en h an c ed  s tru c ­
tu re s . For com parison  pu rposes, th e  e x p e rim e n ta l d a ta  are also inc lu d ed .
Fhgure 3 .8 (a) p resen ts  e x p e rim e n ta l d a ta  [4] on r'esoricmt c a v ity -e n h a n c e d  
IdP T s (h e te ro ju n c tio n  p h o to tra n s is to rs )  w ith  a  2 0 0  A Au co a tin g  on th e  to p . 
In th e  figure, th e  a u th o r  p resen ts  w aveleng th  tu n in g  of th e  p h o to tra n s is to r  
sp e c tra l re sponsiv ity  by m eans of chang ing  th e  leng th  of th e  m ic ro cav ity  in 
th e  s tru c tu re . T h is  is accom plished  by m eans of e tch ing  th e  se m ic o n d u c to r  
su rface . T h e  d ifferen t curves co rrespond  to  th e  m easu red  p h o to c u rre n t for 
dev ices th a t  have been  e tc h e d  1050 A, 700 A, an d  350 A. A cu rve  for a  dev ice  
th a t  has no t been  e tch ed  a t all is also inc luded . F igu re  3 .8(b) is th e  s im u la tio n  
of th e  sam e s tru c tu re  re p o rte d  in [4] using  .S-m atrices. T h e  p eak  w aveleng th s 
o b ta in e d  from  th e  s im u la tio n  w ere in  good ag reem en t w ith  e x p e r im e n ta l values. 
.'\ v a ria tio n  betw een  0.25 a n d  0.35 in th e  p eak  ciuan tum  efficiency for d iffe ren t 
dev ices is p re d ic te d  by th e  s im u la tio n , w hereas th e  peaks for d ifferen t dev ices 
does n o t seem  to  vary  in th e  e x p e rim e n ta l d a ta . T h is is p ro b ab ly  d u e  to  th e  
fa c t th a t  th e  a u th o r  has resca led  th e  peaks in F ig u re  3 .8 (a). A lso to  n o te  is 
th a t  th e  im p ro v em en t in th e  q u a n tu m  efficiency of th e  devices is s im u la te d  
to  be h igher th a n  th e  a c tu a lly  m easu re d  d a ta . T h is  is b asica lly  d u e  to  th e  
idea lness  of th e  m odel used  in  th e  sim u la tio n s.
F ig u re  3 .9 (a) shows an  e x p e rim e n ta l re flec tiv ity  m e asu re m en t [16] of a  res­
o n a n t cav ity  en h an ced  S c h o ttk y  p h o to d e te c to r . T h e  s tru c tu re  is a  b o tto m  
il lu m in a te d  device w ith  a  1500 A A 1 co a tin g  on th e  top . S im u la tio n  in (b ) 
p e rfe c tly  fits th e  e x p e r im e n ta l d a ta  in (a) a ro u n d  th e  resonance  w avelength. 
(Ar =  1530 n m ). H ow ever, th e re  is a  d ifference betw een  th e  e x p e r im e n ta l a n d  
s im u la te d  p lo ts  o u ts id e  th is  regim e. T h is  is d u e  to th e  fac t th a t ,  a l th o u g h  
th e  w aveleng th  d e p e n d e n t re frac tiv e  index  of A lInA s [17] was used , th e  w ave­
le n g th  d ep en d en ce  of th e  re frac tiv e  index  of th e  q u a te rn a ry  In G aA lA s was n o t 
av a ilab le  and  assum ed  c o n s ta n t th ro u g h o u t th e  w aveleng th  reg im e of in te re s t.
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W A V G 1..EN G TH  Cnm)
F ig u re  3.8: S im u la tion  (b) of e x p e r im e n ta l d a ta  (a). T h e  first p lo t co rresp o n d s 
to  1050 A e tch ed  device, th e  second 700 A e tch ed  device, th e  th ii d 350 .A e tch ed  
dev ice , an d  th e  fo u rth  as-grow n device.
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F igu re  3.9: S im u la tio n  (b) of e x p e rim e n ta l da,ta (a ).
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Chapter 4
AlAs/GaAs RCE Schottky 
Photodetectors with an InGaAs 
Active Region
In opticcil te leco m m u n ic a tio n  an d  m e asu re m en t system s, p h o to c le te c to rs  w ith  
h igh  q u a n tu m  efficiencies a re  desirab le  to  m in im ize  sy stem  losses. T h e  q u a n ­
tu m  efficiency of th ese  devices is lim ite d  by th e  th ickness d of th e  a ljso rb in g  
layer a n d  is g iven by E q u a tio n  2.9, w here R  is th e  surface re fle c tiv ity  a n d  a  is 
th e  pow er a b so rp tio n  coefficient of th e  abso rb ing  m a te ria l. For a - 10"* cm~^ 
( ty p ic a l value for G aA s and  InG aA s aro u n d  band  edge), th e  pecik c{uantum  
efficiency of a  0 .3 /ivn (a  ty p ic a l th ickness  for a  high speed  S c h o ttk y  p h o to d i­
ode) th ick  p h o to d e te c to r  is lim ite d  to  0.25 an d  to  achieve q u a n tu m  efficiencies 
g re a te r  th a n  0.80, p h o to d e te c to rs  w ith  abso rb ing  layers th ick er th a n  1 . 6  /m i are  
necessary . H ow ever, h igh  efficiency d e tec to rs  w ith  th ick  ab so rb in g  layers have 
p o o r speed  response  as a  consequence  of longer tra n s it  tim es  in th e  th ick er 
d e p le tio n  region as ex p la in ed  in C h a p te r  2 .
To incre¿ı.se th e  q u a n tu m  efficiency w ith o u t decreasing  th e  b a n d w id th  of 
th e  device, a th in  ab so rb in g  layer m ay  be p laced  in a F a b ry -P e ro t m icrocav ity .
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Ill th is  m e th o d , th e  o p tica l field cycles in  th e  cavity , being p a r tia lly  ab so rb ed  
each  tim e  crossing th e  th in  ab so rb in g  layer, hence a m u ltip le -p ass  d e te c tio n  
is o b ta in ed . T hese  devices a re  called  reso n an t cav ity  en h an ced  (R C E ) p h o ­
to d e te c to rs  [14]. T h e  e.xpression for r/ g iven in E q u a tio n  2.9 is n o t valid  tor 
R C E  p h o to d e te c to rs . T h e  w aveleng th s, for w hich th e  o p tica l he ld  ex p erien ces  
e x a c tly  an  in teger m u ltip le  of 27t phase  sh ift in one ro u n d -tr ip  in th e  cav ity  
cire called  th e  re so n an t w aveleng ths. T h e  consequence of th e  m u ltip le -p ass  
d e te c tio n  schem e is in c reased  c iuan tum  elEciency a t th e  reso n an t w aveleng ths.
T h e  q u a n tu m  ethcienc}^ of R C E  p h o to d e te c to rs  w ith  lossless m irro rs  w ere 
c a lc u la te d  by K ish ino  e t a l.[2 ]
V =
;i +
1 — \ /RiR-2e~^’^ coii{2kL -f t/’i + ’^ h) +
(4.1)
w here  R\ an d  R2 a re  th e  top  an d  b o tto m  m irro r reflec tiv ities  resp ec tiv e ly , k is 
th e  p ro p ag a tio n  c o n s ta n t, L is th e  cav ity  le n g th  an d  t/ji and  -02 a re  th e  p hase  
sh ifts  in tro d u ced  by th e  top  an d  b o tto m  m irro rs  respectively . E cjuation  4.1 
gives rj =  0.66 for R\ =  0.7, i ?2 =  0.9, a  =  10‘*cm“ \ d  =  0.1/um cit th e  reso- 
iicint w avelengths. T h e  m a x im u m  a t ta in a b le  q u a n tu m  efficiency for th e  sam e 
d e te c to r  w ith o u t th e  reso n an t cav ity  w ould be 0.09. E cjuation 4.1 for q u a n ­
tu m  efficiency neg lects th e  s ta n d in g  w ave effect w hich is to  be co n sid e red  la te r  
in th is  c h ap te r, an d  assum es lossless m irro rs  w hich is a bad  a ssu m p tio n  for 
a  com m onl}· u.sed A u top  m irro r. E cjuation  4.1 is p lo tte d  in F ig u re  4.1 for 
R  ^ - - 0.7, i ?2 =  0.9, ad =  0 . 1 , an d  th e  q u a n tu m  efficiency of a  con v en tio n a l 
p h o to d e te c to r  w ith  sam e ad is show n by th e  dashed  line. In F ig u re  4.1, th e  
c h a ra c te r is tic s  of th e  p h o to resp o n se  of an  R C E  p h o to d e te c to r  is easily  iden- 
tifled: increased  q u a n tu m  efficiency a t th e  reso n an t w aveleng ths is th e  con­
sequence  of th e  c o n s tru c tiv e  in te rfe ren ce  betw een  th e  forw ard  an d  back w ard  
p ro p a g a tin g  helds, w hereas th e  q u a n tu m  efficiency a t th e  o ff-resonan t w ave­
len g th s  decreases d u e  to  d e s tru c tiv e  in te rfe rence .
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F ig u re  4.1: Q u a n tu m  efficiency of an  R C E  p h o to d io d e  (solid). T h e  d ash ed  line 
show s th e  m a x im u m  a t ta in a b le  c iuan tum  efficiency for a  co n v en tio n a l p h o to d e ­
te c to r  of sam e th ickness.
4.1 RCE Schottky Photodiode Design
R C E  p h o to d io d e  m irro rs  cire e ith e r  fo rm ed  by single m a te ria l in te rfaces  (m e ta l-  
sem ico n d u c to r, a ir-sem ico n d u c to r)  or by s tack in g  a lte rn a tin g  se m ico n d u c to r 
m a te r ia ls  hav ing  d ifferen t re frac tiv e  ind ices. R C E  S ch o ttk y  p h o to d io d es  a re  
designed  as a  m ic ro cav ity  be tw een  th e  S c h o ttk y  m e ta l on top  an d  a s tack  of 
a l te rn a t in g  sem ico n d u c to r m a te ria ls  grow n in  th e  sem ico n d u c to r a t  th e  b o t­
to m . R C E  S ch o ttk y  p h o to d io d es  w ith  8  layers of G a A s/A lG a A s  reflec to r 
[15] an d  16 layers of A lIn A s/A lG a ln A s  re flec to r [3] ha,ve been  e x p e r im e n ta lly  
d e m o n s tra te d . T h e  devices show ed 30% a n d  50% im p ro v em en ts  in responsiv - 
ity, respectively . T h e  fo rm er dev ice is a  to p - illu m in a te d  design w ith  a  sem i­
tra n s p a re n t .All top  m irro r, how ever in th e  design  considera tions  th e  .Au layer is 
a ssu m ed  to  be fully tra n s p a re n t.  O u r c a lcu la tio n s  show ed th a t  th e  a b so rp tio n  
in th e  Au m irro r increases d ra s tic a lly  a t th e  re so n an t w aveleng ths as will be 
d iscussed  la te r , hence th e  tra n sp a re n c y  a p p ro x im a tio n  for th e  A u m irro r  is no t
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valid  a t th e  reso n an t w avelengths. T h e  la t te r  device is a  b o tto m -il lu m in a te d  
design  w ith  a  h igh  re flec tiv ity  A n top  m irro r.
In th is  c h a p te r , th e  dependence  of th e  q u a n tu m  efficiencies of tw o d iffer­
e n t design s tru c tu re s  show n in F ig u re  4 . 2  on  various physica l p a ra m e te rs  are  
in v e stig a ted . B o th  designs are  s im ila r in s tru c tu re  w ith  d ifferences in th e  th ic k ­
nesses of som e layers. T h e  basic design is a  cav ity  fo rm ed  betw een  a A n  layer, 
se rv ing  b o th  as a  S ch o ttk y  m e ta l an d  a se m i- tra n sp a re n t top  m irro r, a n d  a 
h ig h -re flec tiv ity  m n ltilay e r b o tto m  m irro r. T h e  b o tto m  m irro r of th e  cav ity  
is fo rm ed  w ith  a lte rn a tin g  A /4 -A /4  A lA s/G a A s  layers. B o th  A lA s a n d  G aA s 
a re  tra n s p a re n t a t th e  design w aveleng th  of 900 nrn  [18]. O n top  of th e  b o tto m  
m irro r, an  u n d o p ed  G aA s buffer, an  N"·· G aA s layer for ohm ic  co n ta c ts , a n d  an  
N "  G aA s d ep le tio n  layer follow. In th e  N~ G aA s layer, a  th in  Ino.osGao.9 2 As 
ab so rb in g  layer is p laced .
T \ N GaAs
absorbing region InGaAs
N GaAs
r +N GaAs
iu undoped GaAs
N\' W s - ' A o
AlAs/GaAs Bottom Minor•
••
Incident light GaAs substrate
(a) (b)
F ig u re  4 .2 : RG B S ch o ttk y  p h o to d io d e  s tru c tu re . (a) Top illum inatfid . 
(b) B o tto m  illu m in a te d .
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T h e  reh ition  be tw een  th e  In concentrcition  x and  th e  b an d g ap  edge Eo{x) 
of In j;G ai_j;A s is g iven by [19]
E,,{x) =  1.42 -  l .o 3 x  +  0.45a·-. (4.2)
T h e  InG aA s used in  th e  p h o tod iodes  th a t  we designed luid an In  c o n c e n tra tio n  
of 0.08. Using th is  value, th e  b andgap  w aveleng th  of InG aA s is found  to  be 
Xrj =  953 nm  w hich is above th e  design w aveleng th  of 900 nrn. O n  top  of th e  N “ 
G aA s layer, th e re  is th e  A u layer serv ing  b o th  as a  reflector and  th e  S c h o ttk y  
m e ta l, and  firuilly th e  top  m ost layer is a  Si3 N 4 d ie lec tric  an ti-re flec tio n  c o a t­
ing. In F igu re  4 .2 (a) th e  top  illu m in a ted  design is show n. T h is  dev ice has an  
an ti-re flec tio n  co a tin g , a  se m i-tra n sp a re n t {1^ =250 A, R — 0.77 for th e  final 
design ) Au top  m irro r  and  a h igh re flec tiv ity  {R — 0.97 for th e  final design ) 
b o tto m  m irro r. In  com parison , th e  b o tto m  illu m in a te d  device in  F ig u re  4 .2 (b ) 
has  a  (R — 0.77 for th e  final design) b o tto m  m irro r an d  a h igh  re f le c tiv ity  
{tm = 1 0 0 0 A, R =  0.94 for th e  final design) Au top  m irro r. A lth o u g h  th e  
ex p ression  for q u a n tu m  efficiency in E q u a tio n  4.1 is help fu l in u n d e rs ta n d in g  
th e  genera l c h a ra c te r is tic s  of R C E  p h o to d e te c to rs , in the  case of lossy m e ta l 
m irro rs  and  a lossy cavity , th is  expression  is n o t ex ac t. To o b ta in  e x a c t re ­
su lts , th ro u g h o u t th is  c h ap te r, th e  n u m erica l m e th o d  em ploy ing  S-m citrices 
d esc rib e d  in C h a p te r  3 is used  to  ca lcu la te  th e  reflectiv ity , tra n sm iss iv ity , loss 
a n d  q u a n tu m  efficiency s p e c tra  of th e  devices in F igu re  4.2.
4.1.1 Bottom Mirror Design
T h e  s tru c tu re  in F ig u re  4.3 is a  q u a r te r  w ave s tack  (Q W S) w hich consis ts  of 
a l te rn a t in g  A /4 -A /4  h igh  index  {nff) -  low index  (?r£,) layers on a s u b s tra te  
m a te r ia l. .Since th e  layers are  c[uarter w aveleng th  th ick , a t th e  ce n tra l freq u en cy  
all reflec ted  beam s em erg ing  from  p o rt 1 a re  in phase, hence th e  re fle c tiv ity  
of th e  s tru c tu re  is increased  w ith  increased  n u m b e r of layers. T h e  an a ly sis  of 
such  a s tru c tu re  can  be done by th e  S -m atrices  m e th o d  described  in C h a p te r  3. 
T h e  S -m atrices  for th e  tw o-po rts  betw een  som e se lec ted  po in ts  in F ig u re  4.3 
a re
Sbc =  S 'DE =
6 2 A 0
6  2 A
(4.3)
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A BC D E 
Port lV ,) [ )y' Port 2
F ig u re  4.3: Q u a rte r  w ave stack .
5 AB  =
5',CD =
‘I tih
TlfT—nr. 2n (.
TiH +  riL +  -
2n j. n H - T i L
n n + r i L
n i - U H 2nH
-
(4.4)
(4.5)
w here Ac is th e  cen te r w aveleng th  of th e  h igh  reflectance s tack  a t w hich  th e  
layers cire ex ac tly  a  q u a r te r  w aveleng th  th ick . U sing th e  S -m atrices in E q u a ­
tions  4.3 to  4.5 and  th e  ru les for cascad ing  S -m atrices , it is found th a t  th e  
pow er reflec tance  a t th e  c e n tra l w aveleng th  is
Rvn.(lT. -
„ 2 7 V  _  , „ 2 7 V 1 2  llff rij^
L"'/i j
(-1.6)
w here  N is th e  n u m b e r of low -index  layers in th e  stack . F igu re  4.4 shows 
th e  re flec tance  and  phase  sp e c tra  of N = 8  an d  N = 15  layers A lA s/G a A s  
im  — 3, um — 3.5) QVVS. T h e  w id th  of th e  s to p b a n d  in these curves is n early  
in d e p e n d e n t of th e  n u m b e r of layers used b u t increases w hen th e  ra tio  n n ln i  
increases. O u ts id e  th e  ce n tra l s to p b a n d , th e  reflec tance  oscillates be tw een  a 
series of m a x im a  and  m in im a . T h e  cen te r of th e  s to p b an d  can l^e sh ifte d  by 
chcinging th e  th ickness of th e  A/4 layers.
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F igu re  4.4: R eflec tiv ity  an d  p h ase  s p e c tra  of th e  QVVS.
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4.1.2 Standing Wave Effect
Since th e re  axe b o th  forw ard  and  backw ard  p ro p ag a tin g  fields in th e  cavity , 
th e  m a g n itu d e  of th e  to ta l  field shows a s ta n d in g  wave p a t te rn  g iven by
\E{z){^ =  \Ef{z) +  EUzW (4.7)
w here  E{z) can  be exp ressed  in  its  m ost g enera l form  by E q u a tio n  3.30. F ig ­
u re  4 . 0  shows th e  s ta n d in g  w ave p a tte rn s  ca lcu la ted  for cin R C E  S c h o ttk y  
p h o to d io d e . T h e  period  of th e  s ta n d in g  wave p a t te rn  is eq u a l to  A /2 . S ince 
th e  pow er a b so rp tio n  is p ro p o rtio n a l to  th e  m a g n itu d e  sq u a re  of th e  E-field, 
th e  th ick n ess  an d  a c tu a l lo ca tio n  of th e  abso rb ing  reg ion  in th e  cav ity  a re  
c r it ic a l for th e  m a x im u m  a tta in a b le  q u a n tu m  efficiency. T h e  tre a tm e n t  of th e  
s ta n d in g  w ave effect (SVVE) for lossless cav ities  can  be found  in  th e  l i te ra tu re  
[20]. F ig u re  4.6 shows th e  d ep en d en ce  of th e  m a x im u m  a t ta in a b le  qucin tum  
efficiency on th e  ab so rb in g  reg ion  th ickness. I t is seen th a t  th e  p eak  q u a n tu m  
efficiency shows a s a tu ra t io n  tre n d  m oving  tow ards th ick er ab so rb in g  reg ions. 
T h e  reaso n  for th is  is th a t ,  a  th in n e r  ab so rb in g  region en joys a  h ig h e r average 
e n h a n c e m e n t w hen p laced  a t one of th e  peaks of th e  s ta n d in g  Wcive p a t te rn . In 
c o n tra s t , even th o u g h  it is possib le  to  p lace a th ick  abso rb ing  reg ion  a t a  p eak , 
no m a t te r  w hat th e  lo ca tio n  is, a  th ick  ab so rb in g  region w ould  also in c lu d e  
lesser enhcinced regions (nodes) of th e  s ta n d in g  wave p a t te rn . To solve th is  
p ro b lem , a  perio d ic  ab so rb e r  s tru c tu re  consis ting  of m u ltip le  ab so rb in g  regions 
lo c a te d  a t th e  peaks of th e  s ta n d in g  w ave p a t te rn  m ay  be em ployed  [21]. H ow ­
ever, th is  k ind  of design  is very  sensitive  to  th e  ex ac t lo ca tions  of each  layer 
a n d  d ep en d s  on th e  success of th e  g row th  processes. F igu re  4.7 shows th e  peak  
q u a n tu m  efficiency for th e  R C E  p h o to d e te c to r  versus lo ca tio n  of th e  ab so rb in g  
reg ion . As can  be seen from  th e  F ig u re  4.7, a  A/ 2  th ick  ab so rb in g  reg ion  is 
to ta lly  in sen sitiv e  to  th e  lo ca tio n  in th e  cavity , since for th is  th ick n ess , th e  
ab so rb in g  layer ex a c tly  coincides w ith  one p eriod  of th e  s ta n d in g  w ave. For 
o th e r  ab so rb in g  reg ion  th icknesses it is seen th a t  th e  q u a n tu m  efficiency oscil­
la te s  be tw een  a series of m a x im a  and  m in im a  co rrespond ing  to  cases w here th e  
c e n te r of th e  ab so rb in g  region is lo ca ted  a t th e  peaks and  nodes of th e  s ta n d ­
ing w ave p a t te rn , respective ly . It is also useful to  n o te  th a t  th e  d ep en d e n ce  of 
th e  q u a n tu m  efficiency on th e  loca tion  of th e  abso rb ing  region is s tro n g e r for 
th in n e r  ab so rb in g  regions and  reh itive ly  w eak for ab so rb ing  reg ions th a t  are 
th ick er th a n  one period  of th e  s tan d in g  wave. For th e  above reason , in th e
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p h o to d io d es  th a t  we designed , a  A/ 2  th ick  (1300 Â) InG aA s ab so rb in g  reg ion  
is used , an d  unless o the rw ise  s ta te d  th e  ca lcu la tions th ro u g h o u t th is  c h a p te r  
re ly  upo n  a 1300 Â abso rb ing  region.
1000
800z, Position (nm) ” “ ““ Wavelength (nm)
F igu re  4.5: S tan d in g  w ave p a t te rn  in th e  d e tec to r m icrocav ity .
F ig u re  4.6: D ependence  of q u a n tu m  efficiency on th e  abso rb ing  reg ion  th ick  
ness.
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F ig u re  4.7: D ependence  of q u a n tu m  efficiency on th e  abso rb ing  reg ion  loca tion : 
T h e  curves are for d ifferen t th icknesses of th e  abso rb ing  region: d = 1 3 0 0 A  
(so lid ), d = 6 5 0 A  (d o tte d )  an d  d = 1 5 0 0 A  (d ash ed ).
4.1.3 Top Mirror Design
In th e  pho tod iodes  th a t  we designed , th e  top  A u layer is used b o th  as th e  
S c h o ttk y  co n tac t and  as th e  to p  m irro r  of th e  resonan t cavity . For b o tto m  
illu m in a te d  design, th e  top  m irro r  is a  th ick  h igh  reflec tiv ity  hiyer (¿^  = 1 0 0 0  A, 
R =  0.94). T h e  q u a n tu m  efficiency is in sen sitiv e  to  th e  th ickness of th e  A u 
layer in th is  regim e. H ow ever, th e  in te re s tin g  case cirises w hen th e  ligh t is 
co up led  to  th e  cav ity  th ro u g h  a  th in  (i,„ = 2 5 0  A, R =  0.77) s e m i- tra n sp a re n t 
A u  top  layer. In F ig u re  4.8 th e  re fle c tiv ity  a n d  phase of th e  top  m irro r  versus 
t,„ , m e ta l th ickness, is p lo tte d . F rom  th e  figure, it is seen th a t  th e  re flec tiv ity  
a n d  phase  of th e  m e ta l m irro r  changes ra p id ly  betw een 0 an d  500 A. T his 
v a ria tio n  m akes th e  se lec tion  of o p tim u m  th ickness very im p o r ta n t to  o b ta in  
a  h igh  q u a n tu m  efficiency.
F ig u re  4.9 shows th e  a b so rp tio n  in m e ta l w hen th e re  is no c av ity  p resen t. 
T h e  ab so rp tio n  for a  single pass is m a x im u m  for t,n =150  A. H ow ever, th e  
ab so rp tio n  w hen th e  cav ity  is p re sen t is m u c h  hirger, d epend ing  b o th  on  th e
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F igu re  4 .8 : R eflec tiv ity  an d  phase  of th e  Au m irro r.
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th ick n ess  an d  lo ca tio n  w ith  re sp ec t to the  s tan d in g  wave p a t te rn . F ig u re  4 . 1 0  
show s th e  loss in th e  m e ta llic  layer versus th e  w aveleng th . F rom  th is  F ig u re , it 
is seen  th a t  th e  m a x im u m  a b so rp tio n  in th e  m e ta l occurs a t a  s lig h tly  longer 
w av elen g th  ( l -2 n m )  th a n  th e  design w aveleng th  of A =  900 nm . T h is  fac t can  
be ex p la in ed  by co m p arin g  th e  effective len g th  of th e  cav ity  for th e  q u a n tu m  
efhciency  ( th e  a b so rp tio n  in th e  abso rb ing  layer), and  th e  effective le n g th  of 
th e  c av ity  for th e  a b so rp tio n  in th e  m e ta l. It is clear th a t  th e  top  m irro r  for th e  
fo rm er is th e  m e ta l-G aA s in te rface , w hereas th e  top  m irro r  for th e  la t te r  is th e  
m e ta l-a ir  (m e ta l-d ie lec tric  for th e  coated  devices described  below ) in te rface . 
H ence th e  sligh t d ifference in th e  resonan t w avelengths follows. To inc rease  
th e  q u a n tu m  efficiency an d  to  decrease  th e  reflection, a d ie lec tric  (SisN^j) a n t i­
re flec tio n  coa ting  of th ickness td m ay be deposited  on th e  A u m irro r. T h e  
effect of th is  co a tin g  is show n in F igu re  4.11. In th e  figure, th e  so lid  cu rve  
re p re se n ts  th e  m a g n itu d e  of th e  s tan d in g  waves, th e  m a g n itu d es  of th e  fo rw ard  
a n d  b ack w ard  p ro p a g a tin g  E-fields are  also show n by th e  d ash ed  an d  d o tte d  
cu rves, respectively . T h e  h o rizo n ta l axis rep resen ts  th e  p o s itio n  along  th e  
cav ity , a n d  th e  b o u n d a rie s  of various layers are  show n by th e  v e rtic a l so lid  
lines. T h e  only  d ifference betw een  th e  s tru c tu re s  in th e  tw o figures is th e  
d ie le c tr ic  th ickness.
T h e  F igu res  4 .11 (a) and  (b) a re  for th e  b est and  w orst cases, respec tive ly . 
It has to  be no ted  th a t  in F ig u re  4 .11(a), a  p eak  of th e  s ta n d in g  w ave p a t te rn  
co incides w ith  th e  a ir-d ie le c tric  boundary , w hereas in F ig u re  4 . 1 1 (b ), a  node  
of th e  s ta n d in g  w ave p a t te rn  coincides w ith  th is  boundary . T h e  d ie lec tric  
reg ion  can  be considered  as an  aux ilia ry  cav ity  w hose m irro rs  a re  fo rm ed  by 
th e  a ir-d ie le c tric  a n d  d ie lec tric -m e ta l in terfaces. Looking a t th e  figure, i t  can  
be sa id  th a t  th e  b es t case co rresponds to  th e  b est m a tch in g  of th e  tw o cav itie s . 
H ence, a t  th e  reso n an t w aveleng th , th is  aux ilia ry  cav ity  feeds pow er back  to  th e  
m a in  cav ity  in w hich th e  ab so rb in g  region is p laced , inc reasing  th e  q u a n tu m  
efficiency an d  red u c in g  th e  reflection  from  th e  front surface. A lso c o m p arin g  
F ig u res  4 . 1 1 (a) an d  (b ), it is n o te d  th a t  th e  a m p litu d e  of th e  s ta n d in g  wave 
p a t te rn  increases in all layers, inc lud ing  th e  m e ta llic  layer, for th e  b e s t m a tc h  
case. S ince th e  ab so rp tio n  in  th e  lossy layers is p ro p o rtio n a l to  th e  in teg ra l 
of th e  s ta n d in g  w ave p a t te rn  a long those layers, the  increcised a m p litu d e  of 
th e  s ta n d in g  wave p a t te rn  in th e  m e ta l layer shows th a t  an  in c rease  in  th e  
q u a n tu m  efficiency w ith o u t increasing  th e  loss in th e  m e ta l is im possib le . T h e
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t^ n, Metal Thickness (Angstroms)
F ig u re  4.9: A b so rp tio n  in th e  m e ta llic  layer for a  single pass.
F ig u re  4.10: A I)sorp tiou  in a  250 A m e ta llic  layer on top  of th e  re so n an t Ccivity.
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S13N4
Dielectric
AuGaAs InGaAs
active
GaAs
F ig u re  4 . 1 1 : .Standing w ave p a tte rn s  in th e  d ie lec tric  and  m e ta llic  layers cit 
A = 9 0 0 n m ,  (a) best m a tc h  and  (b) w orst m a tch  cases.
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im p ro v em en t is basica lly  due  to a  decrease in th e  fron t-su rface  reflection . T h e  
c o rre sp o n d in g  peak  q u a n tu m  efficiency, loss in th e  m e ta l, an d  fro n t-su rface  
re flec tiv itie s  a re  (r/p =  0.73, Lm =  0.18, R — 0.01) and  (?/,., -  0.40, Lm =  0.10, 
R =  0.46) for th e  best an d  w orst m a tch  cases, respectively . T h e  d ep en d e n ce  of 
th e  p eak  q u a n tu m  efficiency on th e  m e ta l an d  d ie lec tric  th icknesses is show n 
in F ig u re  4.12. T h e  curves in F igu re  4 .12(a) co rrespond  to  d ifferen t d ie lec tric  
th ick n esses  w here th e  ho rizo n ta l axis describes th e  d ep en d en ce  on th e  m e ta l 
th ick n ess . O n  th e  o th e r  h and , th e  curves in F igu re  4 .12(b) co rresp o n d  to  
d ifferen t m e ta l th icknesses an d  th e  ho rizo n ta l axis in th is  figure rep resen ts  th e  
d ie lec tric  th ickness. F rom  th e  tw o figures, it is observed  th a t ,  for a  w ide ran g e  
of d ie lec tric  ( 1 0 0 0  A <  0  <  1500 A) and  m e ta llic  (150 A <  tm <300  A) layer 
th ick n esses, a  peak  q u a n tu m  efficiency g re a te r  th a n  0.70 is a tta in a b le .
4.1.4 Wavelength Selectivity
A t th e  off-resonance w aveleng ths, i.e. 2kL +  ipi +  il^ 2 =  (2 g + l ) 7r {q =  1 ,2 ,3 , . . . ) ,  
th e  s ta n d in g  w ave a m p litu d e  decreases d u e  to  th e  d e s tru c tiv e  in te rfe ren ce  of 
th e  fo rw ard  an d  backw ard  p ro p ag a tin g  fields. T h e  w aveleng th  spacing  be tw een  
n e ig h b o rin g  re so n an t peaks is called  th e  free sp e c tra l range  (F S R ). A g ra p h ic a l 
d e sc rip tio n  of FSR. can be seen in F igu re  4.1. T h e  expression  for th e  F S R  is
F S R  =
X·}
2 n(,ff(Teff 1 +  leff 2 )
(4.8)
W h ere  neir is th e  effective re frac tiv e  index , an d  Teffi a re  th e  effective o p tica l 
len g th s  of th e  two m irro rs . An expression  for \ is g iven by [14]
_  1  c^ ?/>
-^eff i —
2  dk ■
(-1.9)
. \n  e x p e r im e n ta l value for two G aA s/A lA s m irro rs  is 0 .7 /¿m [14]. T h e  full 
w id th  a t ha lf m a x im u m  (F W H M ) is th e  full w id th  of th e  q u a n tu m  efficiency 
a t th e  ha lf of th e  peak  value (F ig u re  4.1). T h e  finesse, is a  m e asu re  of th e  
reso lv ing  pow er of th e  cav ity  and  can  be derived  using th e  E q u a tio n  4.1.
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Dielectric Thickness, (A°)
F ig u re  4.12: D ep en d en ce  of th e  peak  q iu in tu m  efficiency on th e  m e ta l and  
d ie lec tric  th icknesses.
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F S R
F W H M
7T
1 — \J Ri R-2 ^
(4.10)
Equcitioii 4.10 in d ica te s  th a t  th e  finesse increases for h igher m irro r  reflec­
tiv itie s  an d  th in n e r  ab so rb in g  regions. However, E q u a tio n  4.10 is n o t ex ac t 
w hen th e  cav ity  has losses in reg ions o th e r  th a n  th e  ab so rb in g  reg ion . T h e  
m e ta llic  m irro rs  used in S ch o ttk y  R C E  de tec to rs  in tro d u c e  a d d itio n a l loss a n d  
th e  finesse for th is  ca,se is s im u la te d  in F igure  4.1-3. I t can  be seen th a t  th e  
l)o tto m  illu m in a te d  design  has a  h igher finesse as a  re su lt of th e  h igher top  m ir ­
ro r re llec tiv ity . A n o th e r ob serv a tio n  for b o th  of th e  curves is th a t  th e  finesse 
decreases as th e  ab so rb in g  reg ion  th ickness increases.
4.1.5 Wavelength Tuning
T h e  w aveleng th  Xp co rresp o n d in g  to  th e  peak  q u a n tu m  efficiency rip can  be 
tu n e d  by chang ing  th e  resonance  co n d ition . T h is  has to  be done on th e  grow n 
M B E  (m o lecu la r b e a m  e p ita x y ) w afer. T h e  only possib le  m od ifica tio n  on th e  
w afer is by recess e tch in g  th e  to p  surface. T h is resu lts  in  a  sh o r te r  cav ity  le n g th  
an d  th e  peak  w aveleng th  sh ifts  to  sm alle r values (dow n tu n in g ). To ach ieve  
a  sh ift of th e  peak  w aveleng th  tow ards longer values (up  tu n in g ), a lth o u g h  
lim ited  com pared  w ith  th e  p rev ious case, th e  th icknesses of th e  m e ta llic  an d  
d ie lec tric  layers m ay  be varied . For th e  b o tto m  illu m in a te d  device, up  tu n in g  
is n o t possib le since th e  necessary  m e ta l th ickness for th is  design  is very  la rge  
a n d  has no effect on th e  re so n an t w aveleng th . For th e  o p tim u m  to p  il lu m in a te d  
design  a t A - 900 n m . t,i = 1250  A and  = 250  A. T h e  dow n an d  up tu n in g  
m ech an ism s a re  illu s treded  in  F ig u re  4.14. In th e  F igu re , th e  so lid  cu rv e  is for 
th e  o p tim u m  design a t A =  900 n m , th e  dashed  curve re p re sen ts  th e  s im u la te d  
q u a n tu m  efficiency for th e  dow n tu n e d  cav ity  {Xp =  989 n m ). T h e  d o tte d  cu rve  
is th e  s im u la te d  q u a n tu m  efficiency for th e  up tu n e d  cav ity  (A,, =  906 n rn ). For 
co m p ariso n , th e  q u a n tu m  efficiency, loss in m e ta l an d  fron t su rface  re fle c tiv ity  
a t th e  peak  w aveleng th  for each  case is: qp — 0.73, Lm — 0.18, R =  0 . 0 1  for 
th e  design a t A =  900 nm , r/,, =  0.68, L„i =  0.14, R =  0.06 for th e  design  a t 
A =  889 nm  and  =  0.60, L,„ — 0.32, R =  0.01 for th e  design  a t A =  906 nm .
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F ig u re  4.13; D ep en d en ce  of finesse on ab so rb in g  reg ion  th ickness .
F ig u re  4.14:
W ave leng th  tu n in g  of th e  cavity .
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4.1.6 Simulation Results
In  th is  sec tio n , th e  o p tim u m  hw er th icknesses ca lc u la te d  for th e  two design 
s tru c tu re s  show n in F ig u re  4.2 a re  p resen ted . T h e  following T ab le  4 . 1  con­
ta in s  th e  ex ac t th ickness of each  layer as well as th e  ca lcu la ted  p eak  q u a n tu m  
efficiency, loss in th e  m e ta l, re flec tiv ity  an d  th e  tra n sm iss iv ity  a t th e  peak  
w aveleng th . T h e  s im u la te d  q u a n tu m  efficiencies for these  tw o s tru c tu re s  are 
p re sen te d  in F igure  4.15.
Top Illu m in a te d B o tto m  I llu m in a te d
D ie lec tric  Layer 1250A n.cl.
M eta llic  Layer 250A looooA
Ga.As N~ Layer 500A 1200A
InG aA s A ctive  Layer 1300A 1200A
G aA s N “ Layer 1200A loooA
G aA s N"·· Layer 2000A 2000A
U ndoped  G aA s Layer 4330A 5290A
A lA s/G a A s  Q W S (755A /637A ) (7 55А /637А )
^  of M irro r Layers 15 8
P eak  W aveleng th 900 nrn 900 nrn
Peak  Q u a n tu m  Efficiency 0.73 0.78
R eflec tiv ity 0.01 0.01
T ran sm iss iv ity 0.07 0
Loss in th e  M etal 0.18 0.21
T able 4.1: F in a l value of each  design  p a ra m e te r .
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Wavelength (nm)
1000
F ig u re  4.15: S im u la te d  q u a n tu m  efficiency, (a) Top illu m in a te d , (b) B o tto m  
Illu m in a ted . T h e  dash ed  curve in (a) rep resen ts  th e  q u a n tu m  efficiency of a 
co n ven tiona l d e te c to r  of th e  sam e th ickness w ith o u t th e  QVVS m irro r.
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Chapter 5
Experimental Results
T h e  e x p e rim e n ta l re su lts  o b ta in ed  from  th e  fab ric a te d  devices a re  p re sen te d  
in th is  c h ap te r. T w o differen t reso n an t cav ity  s tru c tu re s  w ith  d ifferences in 
th e  len g th s  of m a te r ia l layers w ere in v estig a ted . T h e  first s t ru c tu re  is called  
R C D l and  th e  second  R C D 2 . T h e  m a jo r  difference betw een  th e  s tru c tu re s  is 
th a t  R C D l has a  1.300Â abso rb ing  region, w hile R C D 2  hcis a  300À ab so rb ing  
region. R C D 2  was o p tim iz e d  for b o tto m  illu m in a tio n  and  R C D l for top  illu ­
m in a tio n , how ever, since th e re  was no t enough  tim e  to  fa b ric a te  an d  te s t th e  
b o tto m  illu m in a te d  devices, all th e  d a ta  th a t  will be p re sen te d  in th is  c h a p te r  
a.re obtciined by illum inciting  th e  devices from  th e  top . In th e  first sec tion , 
e x p e rim e n ts  reg ard in g  th e  sp e c tra l response  an d  th e  efficiency a re  p resen ted . 
T h ese  inc lude  reflec tiv ity , p h o to c u rre n t, cind ph o to lu m in escen ce  m e a su re m e n ts . 
In th e  second sec tio n , h igh  speed  m e asu re m en ts  of th e  p h o to d io d es  o b ta in e d  
l>y using a  subp icosecond  laser sy stem  are  described .
5.1 Spectral Response Measurements
T h e  sp e c tra l response  m e asu re m en ts  w ere o b ta in e d  by using a m o n o c h ro m a­
to r se tu p . T h e  b la ck b o d y  light g en e ra ted  by a 50 VV T u n g ste n  halogen  ligh t
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bu lb  was passed  th ro u g h  a m o n o c h ro m ato r (C V I M odel (JM llO ) to  o b ta in  
m o n o c h ro m a tic  light. T h e  reso lu tio n  of th e  se tu p  was m easu red  w ith  an  A r­
gon lam p  th a t  has very  sh a rp  sp e c tra l lines and  was found to be 1.2 nrn . T h e  
iilam en t of th e  halogen  lam p  was im aged  on to  th e  in p u t slit of th e  m o n o c h ro ­
m a to r  by using  cin /  =  2 .5 c m  convex lens. V arious co llection  o p tic s  ( to  be 
d esc rib e d  in th e  re fle c tiv ity  an d  p h o to c u rre n t subsections) d e p e n d in g  on  th e  
a c tu a l m e a su re m e n t w ere used a fte r  the  o u tp u t slit of th e  m o n o c h ro m a to r . A 
c a lib ra te d  Si p o w erm ete r (N ew p o rt M odel 840) was used for s p e c tra l c a lib ra ­
tio n  pu rposes.
5.1.1 Photoluminescence
T h e  b an d g ap  w aveleng th  of Iiio.osGao.g'iAs was ca lcu la ted  to  be =  953 n m  in 
C h a p te r  4. To m e asu re  th e  b an d g ap  edge of Ino.08Gao.9 2As, th e  p h o to lu m in e s ­
cence m e a su re m e n t s e tu p  show n in F igu re  5.1 was used. A T i:S a p p h ire  laser 
(C o h e ren t M odel M ira  900) o p e ra tin g  in con tinuous w ave m ode a t  830 n m , was 
used  to  ex c ite  an  R C D 2  w afer. T h e  laser beam  was focused by a n  /  =  7.5 cm  
convex lens o n to  th e  sam p le . T h e  pho to lum inescence  sp o t on th e  sa m p le  was 
th e n  im aged  o n to  th e  in p u t s lit of th e  m o n o ch ro m ato r by an  /  =  2.5 cm  convex 
lens. T h e  w aveleng th  ran g e  be tw een  850 and  1000 nm  was scan n ed  using  th e  
m o n o c h ro m ato r. I t has to  be n o te d  here, th a t  th e  m o n o c h ro m a to r  serves to  
am ilyze th e  s p e c tra  of th e  e m itte d  pho to lum inescence  ligh t in th is  e x p e r im e n t. 
T h e  o p tica l pow er from  th e  o u tp u t s lit of th e  m o n o ch ro m ato r was m e a su re d  by 
using  th e  c a lib ra te d  Si po w erm ete r. Tw o pho to lum inescence  peaks a re  id e n ti­
fied in F ig u re  5.2, w hich shows th e  d a ta  from  th is m e asu re m en t. T h e  h igher 
one a t 890 n m , d ue  to  ab so rp tio n  in G aA s, an d  th e  second a t  950 m n , due  
to  a b so rp tio n  in th e  In G aA s layer. T h e  m easu red  p h o to lu m in e sc en ce  em ission  
p eak  of InG aA s is in ex ce llen t ag reem en t w ith  th e  th e o re tic a l va lue of th e  b an d  
edge. \  ta il of th e  p h o to lu m in e sc en ce  sp e c tra  ex tends to  w aveleng th s  longer 
th a n  960 nm . Im p u ritie s  in th e  la ttic e  s tru c tu re  could be th e  reaso n  of th is  
ta il.
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F ig u re  5.1: P h o to lu m in escen ce  se tup .
50 
45 
^ 4 0  
Ф 35
£зо
(D
§20
İ s
О
¿ 1 0
CL
0  ^850 900 950
Wavelength (nm)
1000
F igu re  5.2; P h o to lu m in esce n ce  of th e  InG aA s R C E  sam ple .
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5.1.2 Reflectivity
To check th e  ex isten ce  of th e  designed  s tru c tu re , fron t-su rface  re flec tiv ity  was 
m easu red . It is possib le  to  m e asu re  reflec tiv ity  l:>efore any  fab ric a tio n  process, 
in c o n tra s t to  th e  o th e r  o p tica l p a ra m e te rs  th a t  we c a lcu la ted . R eflec tiv ity  
of th e  tw o sam ples wei’e m easu red  using th e  se tu p  show n in F ig u re  5.3. T h e  
ligh t was coup led  to  th e  m o n o c h ro m ato r as exp la ined  in th e  beg inn ing  of th is  
sec tion . T h e  m o n o c h ro m atic  light from  th e  o u tp u t slit of th e  m o n o c h ro m ato r 
was co llec ted  bj^ using  an  /  =  3.8 cm  convex lens p laced  5 cm  aw ay from  th e  
slit. T h e  sam p le  was p laced  5.5 cm  aw ay from  th e  lens in a. t i l te d  position  to 
reflect th e  ligh t on to  th e  .Si pow errneter, w hich was p laced  as close to  th e  lens cis 
possib le  (2 cm ), to  en su re  a  low incidence angle. T h e  m in im u m  inc idence  angle 
d ep en d s  on th e  a re a  of th e  reflec ting  surface. S ince all of th e  m o n o c h ro m atic  
ligh t from  th e  o u tp u t s lit has to  be in c id en t on th e  reflecting  su rface, a  la rger 
reflec ting  su rface  allow s th e  d is ta n ce  betw een  th e  focusing lens an d  th e  sam p le  
u n d e r  te s t  to  be longer. S ince in c reasing  th is  d is ta n ce  decreases inc idence  angle, 
th e  a re a  of th e  reflec ting  su rface is th e  lim iting  fac to r on th e  inc idence  angle. 
For ou r 0 .8cm  x 0.8 cm  sam p les, th e  m in im u m  inc idence  ang le  was m easu red  
to  be 9° using  th e  previou,sly described  se tup . To m e asu re  th e  re flec tiv ity  
co rrec tly , a t  th e  end  of each  scan , th e  sam p le  was rep laced  by a  h igh  re flec tiv ity  
{ R =  0.97) -A.g m irro r an d  th e  m e asu re d  reflection  from  th e  Ag m irro r  was used 
to  c a lc u la te  th e  in c id en t pow er.
To check th e  se tu p , th e  re flec tiv ity  of a  bare  G aA s w afer was m easu red . 
F ig u re  5.4 com pares th e  e x p e rim e n ta l reflec tiv ity  m e asu re m en ts  w ith  th e  s im ­
u la tio n  resu lts . As can  be seen from  th e  p lo t, we have good ag ree m en t betw een 
th e o ry  a n d  e x p e rim e n t. T h e  re flec tiv ity  of the  R C D l and  R C D 2 sam ples were 
la te r  m easu red . T h e  m easu red  and  s im u la ted  values for th e se  sam ples are  
show n in F igu res 5.5 an d  5.6. As can  be seen in F igu res 5.5 and  5.6, our th e o ­
re tic a l re su lts  are  again  in  good ag reem en t w ith  ex p e rim en t. In c a lcu la tin g  th e  
re fle c tiv ity  of th e  sam p les, a  5% to le rance  rep o rte d  by th e  m a n u fa c tu re r  for 
th e  th icknesses  of various layers is assum ed . To in v estig a te  th e  effect of e tch in g  
(sh o rte n in g  th e  cav ity  le n g th ) ,th e  R C D 2 sam ple  was e tch ed  300.4, 600A, and  
900.4. T h e  m easu red  an d  s im u la te d  reflectiv ities  for th e se  sam p les are  show n in 
F igures 5.7 and  5.8. .-Vs ex p ec ted , th e  sh o rten in g  of th e  cav ity  resu lts  in a  sh ift 
of th e  re flec tiv ity  sp e c tra  tow ards sh o rte r  w avelengths. In th e  sim u la tio n s, a
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Monochromator
F ig u re  5.3; R eflec tiv ity  se tu p .
Figure 5.4: Reflectivity of bare GaAs wafer.
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F ig u re  5.5; S im u la te d  an d  m easu red  reflec tiv ities  of R C D l.
Figure 5.6: Simulated and measured reflectivities of RCD2.
54
F ig u re  5.7; M easured  re flec tiv ity  of e tch ed  R C D 2 sam ple. T h e  so lid  cu rv e  is 
for th e  .3 OOA e tch ed  sam p le , th e  dashed  curve is for th e  6 OOA e tc h e d  sam p le , 
a n d  th e  d o tte d  cu rve  is for th e  900A e tch ed  sam ple.
F ig u re  5.8: S im u la ted  re flec tiv ity  of e tch ed  RC D 2 sam ple. T h e  so lid  cu rve  is 
for th e  300A e tch ed  sam p le , th e  dashed  curve is for th e  6 OOA e tc h e d  sam p le , 
an d  th e  d o tted  curve is for th e  OOOAetched sam ple.
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d isco n tin u ity  a ro u n d  th e  b an d g ap  of G aA s (975 nm ) is observed , w hich  is no t 
p re sen t in the  m easu re d  sp ec tra . T h is is to be a t tr ib u te d  to th e  fact th a t  th e  
real an d  im ag in ary  p a r ts  of th e  refrac tive  index of G aA s are  n o t well ta b u la te d  
in th is  reg im e [22].
5.1.3 Photocurrent
P h o to c u rre n t is m easu re d  w ith  th e  halogen lam p and  m o n o c h ro m a to r  se tu p  
show n in F igure  5.9. T h e  o u tp u t pow er from  th e  m o n o c h ro m a to r  is w eak 
( ~  3/iVV). T h e  p h o to c u rre n t co rrespond ing  to  th is pow er level is c o m p a ra b le  
to  th e  d a rk  cu rre n t an d  o th e r  noise cu rren ts  a t th e  line frequency  (50 H z). 
To be ab le to m ecisure th e  p h o to c u rre n t, a  lock-in d e tec tio n  schem e is used. 
T h e  ligh t from  th e  m o n o c h ro m ato r is chopped a t 375 Hz w ith  a  ch o p p e r w heel 
(SRS m odel SR540) to  be ab le  to  filter o u t th e  noise c u rre n ts , a n d  focused  
o n to  th e  d iode w ith  a  te lescope. T h e  tw o lenses used were /  =  7.5 cm  convex 
lenses p laced  24 cm  a p a r t  from  each o the r. T h e  d is ta n ce  of th e  in p u t lens to  
th e  o u tp u t slit of th e  m o n o c h ro m ato r was 1 cm , w hile th e  p h o to d io d e  u n d e r 
te s t was p laced 12 cm  aw ay from  th e  o u tp u t lens. In all m e a su re m e n ts , th e  
p h o to d io d es  w ere b iased  by using a DC pow er supp ly  (H P  M odel 6628A ). T h e  
c u rre n t in th e  p h o to d io d e  c ircu it and  th e  reference signal from  th e  ch o p p er 
co n tro lle r  were used to  co n d u c t th e  lock-in m easu rem en t.
Figure 5.9: Photocurrent measurement setup.
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T h e  lock-in  araplifiei· (SRS M odel SR850) was used to  b an d -p ass  filte r th e  
c u rre n t w ith  a  filter b a n d w id th  of 90 m H z cen tered  a t the  ch o p p er frec[uency. 
S ince, th e  p h o to c u rre n t was a t th e  chopper freciuency, by th is m e th o d , a  s u b ­
s ta n t ia l  im provem en t in th e  signal to  noise ra tio  is o b ta in ed ; ( th e  s igna l to  
noise ra tio  of th e  m e a su re m e n t was typ ica lly  a ro u n d  100, w hereas we w ere n o t 
ab le  to  m easu re  any signal w ith o u t th e  lock-in am plifier). T h e  p h o to c u rre n t 
was m easu red  by using th e  la rg est d iodes on th e  m ask  w hich have an  a re a  
2 5 0 / m i x 2 5 0 /tm . T h e  m e asu re d  p h o to response  of th e  devices fa b r ic a te d  using  
R C D l, RCD 2 and  •'300A e tch ed  R C D 2 sam ples a.re show n in F igu res 5.10, 5.12 
an d  5.14, respectively .
T h e  co rrespond ing  s im u la tio n s  for F igures 5.10, 5.12, an d  5.14 a re  show n 
resp ec tiv e ly  in F igu res 5.11, 5.13, and  5.15. B y com pciring th e  c o rre sp o n d ­
ing figures, it is observed  th a t  th e  ab so rp tio n  peaks th a t  a re  below  th e  G aA s 
b an d g ap  edge are  m ore en h an ced  th a n  th e  sim u la tio n s  p red ic t. T h is  is a t ­
tr ib u te d  to  two reasons. F irs t, th e  light is focused to  an  a rea  th a t  is 22 tim e s  
la rg e r th a n  th e  a rea  of th e  d iode  (m easu red  by using a h a rd  edge a t th e  fo­
cus). T h is  causes p h o to c a rr ie r  gen era tio n  in regions o th e r  th a n  rig h t below  
th e  S ch o ttk y  co n tac t on th e  chip . It was observed  th a t  illu m in a tio n  of th e  b ias 
res is to rs  on th e  chip  caused  a p h o to co n d u c tiv e  D C p h o to c u rre n t to  flow, w h ich  
is ~ 2 -3  tim es g rea te r th a n  th e  ac tu a l p h o to c u rre n t th a t  we w ere e x p e c tin g  to  
m easu re . T h e  illu m in a tio n  of these  resisto rs could  no t be p rev en ted  w ith o u t 
in c reasin g  th e  inc idence  ang le , because a sm alle r spo t a t the  focus is on ly  a t ­
ta in a b le  by using a lens w ith  a  sh o rte r  focal leng th . Since th e  o b se rv a tio n  of 
resonance  effect depends on  a low incidence angle, b e t te r  focusing  was s a c r i­
ficed. A n o th e r possib le source of e rro r could be a lower a b so rp tio n  coefficien t 
for IriG aA s th a n  ex p ec ted . T h e  q u a n tu m  efficiency for th e  p eak  w av elen g th s  
a re  found  to  be 0.31 a t A =  889 nm  for R C D l an d  0.38 a t A =  856 n rn  for R G D 2. 
T h e  q u a n tu m  efficiency was found  to  be 1.5 tim es  g re a te r  th a n  p re d ic te d  for 
R C D 2 a t A =  8 5 6 nm  an d  h a lf  of th e  value th a t  Wcis p red ic ted  for R C D l a t 
A =  889 nm . T h e  re,sonance w aveleng ths w ere, on th e  o th e r h an d , w ith in  2- 
3 nm  of p red ic ted  values. T h e  300A etch ed  R C D 2 sam p le  was e tch ed  to  sh ift 
th e  resonance  w aveleng th  to  900 nm , and  th e  m easu red  resonance  w av e len g th  
was a t 897 nm .
5/
F igu re  5.10: M easured  p h o to c u rre n t from  th e  R C D l sam ple .
Figure 5.11: .Simulation of quantum efficiency tor the RCDl sample.
58
F ig u re  5.12: M easured  p h o to c u rre n t from  th e  R C D 2 sam p le .
Figure 5.13: Simulation of quantum efficiency for the RCD2 sample
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F ig u re  5.14: M easu red  p h o to c u rre n t from  th e  .300A e tc h e d  R C D 2 sam ple .
F ig u re  5.15: S im u la tio n  of q u a n tu m  efficiency for th e  300A e tc h e d  R C D 2 sa m ­
ple.
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5.2 High Speed Measurements
O f th e  tw o sam ples in v estig a ted , u n fo rtu n a te ly , R C D l Wcxs n o t a p p ro p r ia te  for 
h igh  speed  m e asu re m en ts . T h e  reason  for th is  was an  e rro r d u rin g  th e  g row th  
process. T h e  N"*· region of th e  sam p le  was no t doped , w hich re su lte d  in  h igh ly  
res is tiv e  (40000 ) ohm ic co n tac ts . In th is  sec tion , m ostly , m e a su re m e n ts  on two 
v aria tio n s  of th e  RCD2 sam p le  (cis-grown and  .‘fOOA e tch ed ) w ill be p re se n te d  
for th e  above reason.
DC Power Source
F igu re  5.16: H igh speed  m e asu re m en t se tu p .
T h e  m e a su re m e n t se tu p  is show n in F ig u re  5.16. S h o rt o p tic a l pu lses, 
th a t  have  120 fs d u ra tio n , from  th e  T iiS ap p h ire  laser (C o h e ren t M odel M ira  
900) w ere firs t coupled  to  th e  fiber using a 20X m icroscope o b je c tiv e . T h e  
coup ling  efficiency was m easu red  to  be 10%. A h igher coup ling  efficiency was 
n o t p re fe rred  to  en su re  ro b u stn ess  of the  coupling . T h e  ligh t em erg in g  from  th e  
fiber th a t  was b rough t close to  th e  surface of th e  d iode on th e  m icrow ave p ro b e  
s ta t io n  using a  tra n s la tio n  s tag e , was used to  g en era te  sh o rt e le c tr ic a l pulses 
from  th e  d e te c to r  u n d er te s t. T h e  d e tec te d  pulses w ere th a n  o b se rv ed  w ith  a 
sam p lin g  oscilloscope (H P  M odel H P54120B ). T h e  F igu res 5.17 a n d  5.18 show 
oscilloscope traces  for various m easu rem en ts . F igu re  5 .17(a) show s a  pulse
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o ljta iiied  from  ¿ш R C D 2 d iode  w ith  an  a rea  of 2 0 /гш х З О /<in a t zero  bias. 
T h is  pulse has a  FVVHM of 35 ps w hich corresponds to a. 3-dB  b a n d w id th  of 
11.5 G Hz. T h e  m ecisurem ent was m ad e  a t Л =  850 nm . T h e  p u lse  in F ig u re  
5 .17 (b ) is o b ta in e d  from  a 7 /m ix  1 4 /m i d iode under zero b ias on th e  300A 
e tc h e d  R C D 2 sam p le  an d  it also has a FVVHM of 35 ps. T h e  I ja n d w id th  of 
th e  m e asu re m en t se tu p  was te s ted  by a sim ple ex p erim en t. .A sy n th es iz ed  
signal g en e ra to r w ith  c o n s ta n t o u tp u t pow er was used  as th e  in p u t to  th e  
sy stem . F rom  th e  oscilloscope, th e  3dB b an d w id th  of th e  sy stem  was fo u n d  to  
be 12 G Hz. As a resu lt, we can  conclude th a t  our m e asu re m en ts  w ere lim ite d  
by th e  se tu p . T h e  F igures 5 .18(a) ¿md (b) show high speed  m e a su re m e n ts  
above G aA s l)and edge a t zero  bias. F igu re  5 .17(a) is o b ta in e d  from  th e  sam e 
d iode  re p o rte d  in F ig u re  5 .17(b). It is observed  th a t,  th e  w id th  of th e  p u lse  has 
increased  to  45 ps a t A =  900 nm . T h e  reasons for th is  cou ld  be th e  tra p p in g  of 
ca rrie rs  a t th e  InG aA s-G aA s he te ro in te rfaces , or th e  fac t th a t  we w ere n o t ab le 
to  d ep le te  th e  e n tire  d e p le tio n  layer. F inally , a  pu lse o b ta in e d  from  ¿m R.CD1 
d io d e  w ith  an  a re a  of 20 /.гшхЗО /rm  is inc luded  in F ig u re  5 .18(b) for co m p ariso n  
pu rposes . T h e  w aveleng th  of th e  e x c ita tio n  pulse was A =  890 rim . S ince  th is  
dev ice  d id  no t have a good o hm ic  c o n tac t, cu rren t m echan ism s o th e r  th a n  d rif t 
(since a h igh  e lec tric  field can  n o t ex ist in th is  device) could be d o m in a tin g . 
For th is  d iode a pu lse  w ith  F W H M  of 68 ps was observed .
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Time (ps)
F igu re  5.17; H igh speed  m e asu re m en ts  a t A =  850 nm . (a )D io d e  on R C D 2 
sam p le  w ith  an  a re a  of 20 ^ im x 3 0  /um. (b )D iode on 300A e tch ed  R C D 2 sam p le  
w ith  an  a rea  of 7 / i m x l4  /m i.
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F ig u re  5.18: H igh speed  m e asu re m en ts  above G aA s b an d  edge. (a )D io d e  on 
300Â etch ed  R C D 2 sam p le  w ith  an  a rea  of 7 / im x l4 ^ tm  for an  e x c ita tio n  a t 
A =  900 nm . (b )D io d e  on R C D l sam p le  w ith  an  a rea  of 2 0 /n n x 3 0 ^ iin  tor an 
e x c ita tio n  a t A =  890 nm .
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Chapter 6
CONCLUSION
In  th is  thesis, we p resen te d  ou r w ork on th e  design , c h a ra c te r iz a tio n  an d  te s t­
ing  of G a A s/A lA s  R C E  S ch o ttk y  ph o to d io d es  w ith  a  th in  InG aA s ab so rb ing  
layer. T w o d iife ren t designs regard ing  th e  il lu m in a tio n  of th e  d e te c to r  w ere 
s im u la te d . In th ese  s im u la tio n s  sc a tte r in g  m a tr ic e s  (S -m atrices) w ere used. 
T h e  a b so rp tio n  of o p tica l pow er in  a  lossy m e ta llic  m irro r was c a lc u la te d  and  
was found to  be m uch  la rge r th a n  th e  a b so rp tio n  for a  single pass. T h is  is, to 
ou r know ledge, th e  first tim e  such an  analysis  of th e  loss in  th e  m e ta llic  layer 
is done. T h e  ex ac t field d is tr ib u tio n  inside th e  re so n an t m ic ro cav ity  was cal­
c u la te d  an d  used to  o p tim iz e  th e  q u a n tu m  efficiency. T h e  d ep en d e n ce  of the  
q u a n tu m  efficiency on various device p a ra m e te rs  w ere in v estig a ted . For the  
to p  il lu m in a te d  device, a  p eak  q u a n tu m  efficiency of 0.72 an d  for th e  b o tto m  
illu m in a te d  dev ice, a  peak  q u a n tu m  efficiency of 0.80 w ere ca lcu la ted .
T h e  response  tim e  an d  th e  sp e c tra l c h a ra c te r is tic s  such as re fle c tiv ity  and  
resp o n siv ity  of th e  devices w ere m easu red . T h e  response  tim e  was m easu red  
on a m icrow ave p ro b e  s ta t io n  by using subp icosecond  pulses from  a  m ode- 
locked T i:S a p p h ire  laser and  a h igh  speed  sam p lin g  oscilloscope. T h e  sp ec tra l 
m e a su re m e n ts  w ere done using  b lackbody  ra d ia tio n  from  a halogen  la m p  an d  a 
m o n o c h ro m ato r. To be ab le to  m easu re  th e  p h o to c u rre n t, lock-in  am p lifica tio n  
tech n iq u es  w ere used.
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T h e  re su lts  oi th e  speed  m e asu rem en ts  were lim ited  by th e  m e asu re m en t 
s,ystem . For w aveleng ths sh o rte r  th a n  th e  G aA s bandgap  w aveleng th  (880 nm ), 
th e  w id th  ol th e  m easu red  pulses w'cre 35 ps, w hich is very close to th e  lim it 
o f th e  m e a su re m e n t se tu p . T h e  m easu red  pulses above th e  G aA s b an d g ap  
w aveleng th  w ere a  b it slow er, hav ing  a w id th  of 45 ps.
T h e  d a ta  from  th e  re flec tiv ity  m easu rem en ts  were used to  co rrec t for th e  
possib le  d ev ia tio n s  in th icknesses of d ifferen t layers d u rin g  th e  g row th  process. 
T h e se  co rrec ted  Vcilues for th e  layer th icknesses w ere th en  used in ca lcu la tin g  
th e  q iu m tu m  efficiencies of various diodes th a t  w ere fab ric a ted . T h e  m easu red  
p eak  w aveleng ths w ere in exce llen t ag reem en t w ith  th e  ca lcu la tio n s . Flowever, 
th e  m e asu re m en ts  show ed th a t  th e  q u a n tu m  efficiency was low er th a n  ex p ec ted  
fo r w aveleng ths longer th a n  th e  G aA s b an d g ap  w avelength , ciricl h igher th a n  
e.xpected for w aveleng ths sh o rte r  th a n  th e  G aA s b an d g ap  w aveleng th . T h e  
p eak  q u a n tu m  efficiencies m easu red  w ere 0.38 a t A =  856 nm , and  0.31 a t 
A =  889 nm . T h ese  d ev ia tio n s  m ay  be a t t r ib u te d  to  th e  large focus causing  
a  c u rre n t to  flow th ro u g h  p h o to c o n d u c tiv e  regions on th e  chip . A n o th e r  rea ­
son cou ld  be ou r using  of ap p ro x im a te  values for th e  com plex  re frac tiv e  index  
of InGciAs, since th ese  are  no t well ta b u la te d .
T h e  R C E  S c h o ttk y  ph o to d io d es  in v estig a ted  in th is  w ork can  also be re ­
a lized  a t longer w aveleng ths, a t  th e  co n tem p o ra ry  o p tica l te leco m m u n ic a tio n  
w indow s. A v arie ty  of p o te n tia l m a te r ia l sy stem s a p p ro p ria te  to  th e  design  p ro ­
ced u re  o u tlin e d  in  th is  w ork, such as A lInA s an d  A lG A InA s la ttic e  m a tch ed  
to  In P  s u b s tra te  a re  th e  m ost pow erful can d id a te s . A fu rth e r  to p ic  of s tu d y  
w ould  be to  an a ly ze  p h o to d e te c to rs  fab ric a ted  using th ese  m a te ria ls  in th e  
1.55 /im  reg im e. A n e x p e rim e n ta l top ic  to  s tu d y  is th e  fab ric a tio n  an d  te s tin g  
of b o tto m  illu m in a te d  devices, since these  are  ca lcu la ted  to be m ore  efficient 
th a n  a top  il lu m in a te d  device of th e  sam e th ickness.
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